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Electrodeposition of tin and tin based alloys 
from ionic liquids: 
Nanowires, thin films and macroporous structures 
 Amr Elbasiony 
Abstract 
During the past decade, Ionic liquids have gained massive attention as interesting electrolytes in 
electrochemical processes and in industry due to their unique physicochemical properties.  
Tin is an important metal known for its corrosion resistance, optical properties and silver-like 
finish that makes it suitable for many applications such as decorations, corrosion protecting 
coatings, and also in lithium-ion batteries. However, the electrodeposition of tin from aqueous 
solutions is complicated. 
 The results presented in this thesis show, for the first time, a comparative study on the 
electrodeposition of tin from two different ionic liquids containing the same cation 
namely, 1-butyl-1-methylpyrrolidinium dicyanamide ([Py1,4]DCA) and 1-butyl-1-
methylpyrrolidinium trifluoromethylsulfonate ([Py1,4]TfO). The effect of the ionic liquid 
anion on the morphology of the obtained deposits was also studied by cyclic voltammetry, 
scanning electron microscopy (SEM), infrared (IR) spectroscopy and X-ray diffraction. 
The results showed that the morphology of the tin deposits changes upon changing the IL. 
Agglomerated tin deposits are obtained on gold and copper from [Py1,4]TfO. Tin dendrites 
were obtained both from [Py1,4]DCA and [EMIm]DCA. This study reveals that a change 
in the ionic composition (anion) of the IL can influence the morphology of electrodeposits 
of tin and presumably of other elements and compounds.  
 Sn nanowires are electrodeposited from two different air- and water stable ionic liquids 
[EMIm]DCA and [Py1,4]TfO each containing 0.1 M SnCl2 as Sn precursor. The tin 
nanowires were synthesized at room temperature via a template-assisted electrodeposition 
 
 
III 
 
process using track etched polycarbonate membranes as templates. Gold or copper thin 
films were sputtered on one side of the track-etched polycarbonate template to make it 
conductive to be used as a working electrode. A copper layer was deposited on the 
sputtered side from 1 M CuCl/[EMIm]DCA to act as a supporting layer for the Sn 
nanowires. 
 The electrodeposition of Zn-Sn films as well as of free-standing nanowires from 
[Py1,4]TfO ionic liquid is reported. The nanowire arrays were obtained by using 
polycarbonate membranes. The study includes cyclic voltammetry, chronoamperometry, 
X-ray diffraction, and scanning electron microscopy/energy-dispersive X-ray analyses. 
The results reveal that the morphology of Zn-Sn deposits shows coarse Zn particles on a 
Sn-rich layer, indicating the formation of Zn/Sn co-deposits. The XRD results reveal the 
co-deposition of Zn-Sn films. Zn-Sn nanowires with average diameters of approximately 
100 nm and lengths of 5 µm were synthesized. Free-standing Zn-Sn nanowires with 
different lengths and a diameter of approximately 200 nm were also synthesized. 
 Macroporous CuSn films as well as free standing nanowires were electrodeposited from 
[EMIm]DCA. A uniform periodicity of macroporous CuSn films is obtained through 
potentiostatic deposition at -1 V for 10 minutes. Higher potentials destroy the obtained 
deposits and lead to a honeycomb structure. The electrodeposition at -1 V for 15 minutes 
produces a three dimensional macroporous structure. Free standing CuSn nanowires were 
obtained via a template-assisted electrodeposition process using polycarbonate 
membranes as templates. The produced nanowires have an average diameter of 100 nm 
and an average length of 7 µm.  
 Si, Sn and SiSn thin films were electrodeposited from [Py1,4]TfO. Microcrystals of Sn 
were obtained by the potentiostatic deposition at -1.3 V vs Pt. White greyish Si deposits 
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were obtained galvanostatically at -20 µA. SiSn thin films containing tiny particles were 
obtained at -2 V for 1 hr while hair-like SiSn nanowires are produced when the 
electrodeposition process is done after running CV. Increasing the applied potential leads 
to the synthesis of free standing nanowires. 
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1. Introduction 
1.1 Ionic liquids 
1.1.1 Definition and classifications [1-5] 
An ionic liquid can be defined as an organic salt in the liquid state whose melting point is 
commonly below 100℃. The fact that a salt can be a liquid at low temperature can be well 
understood such that the charge on these ions is delocalized, causing a reduction in  the crystal 
lattice energy of the entire salt and lowering the melting point [1,2].   
Due to their physical properties such as high thermal stability, high ionic conductivity, low vapor 
pressure and their wide electrochemical windows, ionic liquids are considered as promising 
electrolytes in electrochemical processes and in industry. The ability of ionic liquids to dissolve 
many chemical substances makes them widely used in the fundamental electrodeposition of 
different metals and semiconductors [3]. 
Table 1.1 shows different kinds of some ionic liquid cations and anions.  
Ionic liquids are often classified into several categories [4] (figure 1.1)  
A) Task-specific ionic liquids [TSIL] [4,5] 
They are sometimes named as multi-functional ionic liquids due to the incorporation of additional 
functional groups, giving new properties to the basic liquid.  
The incorporation of NH2, urea, SH or OH to the imidazolium cation can introduce catalytical 
activity, to mention one example [5]. 
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B) Protic ionic liquids [4] 
Nowadays, this kind of ionic liquids has attracted great interest because they contain protons 
which make such a liquid suitable as electrolyte in fuel cells.  
C) Chiral ionic liquids [4] 
These ionic liquids are characterized by the presence of a chiral center in anion or cation or both. 
They are used usually as chiral solvents in organic synthesis.  
D) Switchable polarity solvents [4] 
Carbamate salts are a kind of switchable polarity solvents which have intermediate polarity 
between higher and lower polarity solvents, so they are very important for chemical processes 
that require different solvent polarity in different chemical steps. 
E) Metal salt ionic liquids [4] 
AlCl3 combined with pyrrolidinium or imidazolium halides give liquids that are often regaded as 
the first generation of ionic liquids. Other systems have complexs like [CuCl3]
−
, [NiCl4]
2−
 as 
anion. 
TASK-SPECIFIC IONIC LIQUIDS  
PROTIC IONIC LIQUIDS 
CHIRAL IONIC LIQUIDS 
SWITCHABLE POLARITY SOLVENTS 
METAL SALT IONIC LIQUIDS 
IO
IN
IC
 L
IQ
U
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Fig.  1.1. Various classes of ionic liquids  
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Table  1.1. Different kinds of ionic liquids cations and anions 
Cations Anions 
                      
N-alkyl pyridinium   N-alkyl-N-alkyl pyrrolidinium  
         
tetraalkyl phosphonium   1-alkyl-3-alkylimidazolium 
                    
tetraalkylammonium            trialkylsulfonium  
 
 
 
                          
tetrafluoroborate      
        
hexafluorophosphate          
        [BF4]
−
                                [PF6]
−
 
      
trifluoromethylsulfonate       dicyanamide 
 
[TFO]
−
                                        [DCA]
−
 
 
  
tris(pentafluoroethyl)trifluorophosphate [FAP] 
 
 
thiocyanate [SCN]
-
 
1.1.2 History of ionic liquids [6-23] 
The history of ionic liquids started –more or less- in 1914 when Walden [6] succeeded to 
synthesise ethylammonium nitrate with the chemical formula ([C2H5NH3][NO3]), having a 
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melting point of 12 ℃.  He described the physical properties of this material, made by the 
reaction of concentrated nitric acid with ethylamine. Of course, there was no idea -at that time- 
about the great potential of these new materials as variable temperature solvents for 
electrochemistry and many other applications. 
In 1951, low temperature molten salts with haloaluminate ions were developed by Hurley and 
Wier [7] by the combination of 1-ethylpyridinium bromide (EtPyBr) with anhydrous aluminum 
chloride (AlCl3). The prepared molten salt with a eutectic composition 1:2 of EtPyBr to AlCl3 
was used for the electroplating of aluminum at ambient temperature. However, it was highly 
hygroscopic and the electrodepostion process needs a dry atmosphere. Due to experimental 
limitations this liquid was almost forgotten for about 30 years. 
In the 1970s and the 1980s AlCl3 based room temperature ionic liquids [RTILs] gained a lot of 
interest in the field of electrochemistry. Hussey et al. and Osteryoung et al. [8–13] focused their 
research on the synthesis of “chloroaluminate ionic liquids” with 1-ethyl-3-methylimidazolium 
chloride ([EMIm]Cl) or 1-butylpyridinium chloride (BP
+ 
Cl
-
) mixed with AlCl3. 
Such AlCl3 based ionic liquids are often considered as the first generation of ionic liquids and the 
Lewis acidity of the liquid is controlled by changing the ratio of AlCl3 to the organic salt [14]. 
With a molar surplus of AlCl3 the liquid is a Lewis acid, it is a Lewis base with a molar surplus 
of the organic salt.  
Koronaios et al. quantitatively measured the latent acidity of these ionic liquids and mentioned 
that in Lewis acid liquids, complexes of polynuclear chloroaluminates are found. Chloride and 
tetrachloroaluminate are present in Lewis basic systems. Neutral solutions which have a difficult 
to achieve equimolar ratio of AlCl3 and the organic salt, have to be buffered by alkali halides like 
NaCl or CaCl2 due to the variation in species concentration during electrochemical deposition or 
dissolution [15]. This change in Lewis acidity makes them suitable for different applications. 
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In the mid of the 1980s, the described low melting AlCl3 based ionic liquids were also used as 
solvents for the organic synthesis [16,17], without considerable success: 
Both AlCl3 and the organic species are hygroscopic and absorb water rapidly leading to the 
formation of hydrochloric acid and oxochloroaluminates in the liquid [18]. 
In the case of electrochemistry elements such as Si, Ti, Ge, Ta and Nb cannot be electrodeposited 
as a single phase from AlCl3 based ionic liquids. In acidic liquids alloys with Al will be formed, 
and in basic liquids the potential of deposition will be shifted due to complex formation below 
the cathodic limit of the liquid. 
In 1992 Wilkes and Zaworotko reported on the synthesis of the first more or less air- and water 
stable ionic liquid [19] consisting of 1-ethyl-3-methylimidazolium cations and tetrafluroborate 
(BF4
−
) or hexaflurophosphate (PF6
−
) anions. These ionic liquids are often called the second 
generation of ionic liquids, as they are nearly Lewis neutral since the employed organic cation is 
considered as weak acid and the inorganic anions are considered as weak bases. In addition, they 
are comparably insensitive to water and can be handled under air. Later it was found that the 
physical and chemical properties are affected by the long time exposure to moisture, especially at 
higher temperature due to the hydrolysis of the anions and formation of HF [20]. Thus, the 
development of hydrophobic and more stable anions has attracted great interest. 
Trifluoromethylsulfonate (CF3SO3
−
), bis(trifluoromethylsulfonyl)amide [(CF3SO2)2N
−
] and 
tris(trifluoromethylsulfonyl)methide [(CF3SO2)3C
−
] are more stable anions and have been 
developed for different ionic liquids [21–23]. 
This class of ionic liquids has received an extensive interest because of extraordinary physical 
properties, low reactivity towards water and versatility. 
The low vapor pressure, chemical and thermal stability, conductivity and solubility of most 
elements in these ionic liquids attracted the interest of many researchers to use them in different 
 
 
6 
 
applications; however, the higher electrochemical window (up to 6 V) is one of the most 
important physical properties of ionic liquids for electrochemistry which opens the door, e.g., for 
the electrochemical deposition of less noble elements such as Si, Ge, Ta, Se, Al and many other 
ones that cannot be obtained from aqueous solutions at ambient temperatures.   
1.1.3 Significant importance of ionic liquids [24-27] 
Nowadays, there are more than 1000 of synthesized RTILs available in literature and the research 
activities are still increasing [24,25]. During the 1990s there were only 40 articles per year about 
ionic liquids [26], in 2002 there were about 500 articles while in 2005 the number exceeded 1500 
articles per year. The research area of ionic liquids expanded more and more till it reached about 
5,000 articles per year in 2010 and more than 6,500 articles in 2012 and in 2013 it’s almost 
nearby 7,000 articles related to ionic liquid per year [27].  
Figure 1.2 shows the annual growth of ionic liquids related articles per year from 2000 till 2014.  
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1.1.4 Properties of ionic liquids [28-31] 
Ionic liquids, as solvents, exhibit a unique variety of physicochemical properties, such as low 
melting points, low vapor pressures, high chemical and thermal stability and good conductivity. 
Some ionic liquids are used in both organic and inorganic synthesis, some are considered as 
“green solvents”. The application of ionic liquids in green chemistry was first introduced by 
Seddon et al. [28] as he wrote “its implementation will lead to cleaner environment and more 
cost-effective use of starting materials”. Due to their low vapor pressure they can be used under 
high-vacuum in purification and distillation processes of organic/organometallic compounds 
overcoming the - to some extent - problems of organic solvents volatility that’s why they are 
environmentally friendly solvents [29–31].   
Fig.  1.2.  Annual growth of the ILs publication from 2000 till 2014 updated by the ISI web of science 
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Currently, ionic liquids are widely used in different chemical applications. They are of great 
interest in the field of electrochemistry as novel solvents due to their wide electrochemical 
window (up to ~ 6V), high thermal stability and good conductivity. 
From ionic liquids, metals, their alloys and semiconductors can be electrodeposited.  
The properties of ionic liquids are shortly summarized in the following sub-sections. 
1.1.4.1 Thermal stability [26, 30, 32, 33] 
The thermal stability of ionic liquids depends on their ion structure and is limited by the strength 
of their heteroatom-carbon and their heteroatom-hydrogen bonds, respectively [30]. It was 
reported that some ionic liquids which contain tetrafluoroborate anions are thermally stable at 
high temperatures, depending on the alky chain length. For example, 1-ethyl-3- 
methylimidazolium tetrafluoroborate and 1-butyl-3-methylimidazolium tetrafluoroborate were 
reported to be stable up to 445 and 423 ℃ respectively, and 1,2-dimethyl-3-propylimidazolium 
bis(trifluoromethylsulfonyl) is thermally stable up to 457 ℃ [32] a least for a short time. Today it 
is known that the tolerance of these ionic liquids to such high temperatures is limited to a short 
time only, and decomposition will occur if they are exposed to such temperatures for a longer 
time [26]. Nevertheless, thermal stability together with a negligible vapor pressure makes ionic 
liquids suitable solvents for the electrodeposition of elements such as Nb, V, Ta that cannot be 
deposited from aqueous or organic solutions. Due to its high thermal stability combined with low 
vapor pressure, Wilkes et al suggested ionic liquids to be used as heat transfer fluids in large 
scale solar energy collectors [33]. 
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1.1.4.2 Low melting points [34, 35] 
The melting point of any salt is determined by the electrostatic forces between its cations and 
anions. In the case of molten salts such as NaCl the interactions between Na
+
 and Cl
−
 is very high 
leading to a high melting point. This interaction can be expressed by the lattice energy of the salts 
[34]. 
𝐸 = 𝐾
𝑄1𝑄2
𝑑
 
Where K is the Madelung constant, Q1 and Q2 are the charges of ions and d is the interionic 
distance between ions. With larger ion size such as in ionic liquids, the interionic distance d is 
large which leads to a lower lattice energy and low melting points [34]. 
The chemical composition of ionic liquids plays an important role to keep them liquid at room 
temperature or even at lower temperatures. The melting points of ionic liquids often decreases 
with the increase in the alkyl chain length and increases with the increase of the degree of 
symmetry [35]. Molten salts such as sodium chloride and lithium chloride have high melting 
points 801 and 614 ℃, respectively as they contain symmetric inorganic ions compared to the 
asymmetric organic cations of ionic liquids. 
1.1.4.3 Viscosity [21, 36] 
The viscosity of any solvent depends on the size of its molecules or ions. Since ionic liquids 
contain ions of large size in most cases, they are generally more viscous than common molecular 
solvents. Their viscosity varies between 10 mPa∙s and 500 mPa∙s at room temperature [36]. In 
electrochemical studies the viscosity of solvents is a very important factor as it has a very strong 
effect on the mass transfer in the solution. 
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The temperature is also an important factor that affects the viscosity of ionic liquids. An increase 
from 20 ℃ to 100 ℃ usually decreases the viscosity by factor of 10, see example [36]. 
The viscosity is also determined by hydrogen bonding and Van der Waals forces. As an example 
for the effect of hydrogen bonding on the viscosity of ionic liquids Bonhôte et al. reported [21] 
that ionic liquids based on the weakly basic bis(trifluoromethylsulfonyl)amide [TFSA]
−
 are less 
viscous than those with BF4
−
 and PF6
−
 anions because of their high relative basicity and their 
ability to form hydrogen bonds. 
Due to
 
Van der Waal forces longer alkyl chains in the cation leads to an increase in the viscosity 
[21]. 
1.1.4.4 Ionic conductivity [23, 37] 
The conductivity of solvents that are used in electrochemical processes has quite a high 
importance.  As mentioned in the definition section, ionic liquids are entirely consisting of ions 
which are capable of carrying and transporting charges, thus all ionic liquids are conductive with 
the ions acting as charge carrier. The degree of conductivity depends on the ionic liquid viscosity 
and thus it’s highly dependent on the temperature. At room temperature the conductivity of ionic 
liquids is in the range between 0.1–18 mS/cm [37].  
Since the ion mobility of ionic liquids is often low at room temperature, the conductivity of ionic 
liquids is usually lower than the one of concentrated aqueous solutions. 
Ionic liquids with imidazolium cations have a higher conductivity (10 mS/cm) than those with 
tetraalkylammonium, pyrrolidinium, piperidinium or pyridinium cations (0.1-5 mS/cm). As an 
explanation the imidazolium cation increases the conductivity due to its ring flatness [23]. Some 
details about the ionic liquid conductivity and the parameters affecting it are summarized in [37]. 
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1.1.4.5 Electrochemical window [1, 23, 38] 
The potential window of any electrolyte solution is an important factor for electrochemical 
processes. The electrochemical window is determined by the oxidation-reduction of the 
electrolyte species at an electrode or by the electrodes, so it’s not only controlled by the chemical 
structure but also governed by the electrode substrate materials and many other factors such as 
temperature, pressure and impurities.  
For aqueous solutions, the electrochemical window is thermodynamically only 1.23 V at 25 ℃ . 
Thus there is a limitation in the electrodeposition process of many elements due to the evolution 
of hydrogen and oxygen. The electrochemical windows of ionic liquids are usuallydetermined by 
the reduction of the organic cation in the cathodic regime and by the oxidation of the anion or the 
oxidation of the substrate in the anodic regime. Some ionic liquids have electrochemical windows 
of up to 6V which is much wider than in aqueous solutions, making them suitable for the 
electrodeposition of many metals, semiconductors, alloys and conductive polymers [1]. 
The purity of ionic liquids is an important factor that affects oxidation-reduction processes, as a 
consequence the presence of halides or alkali metal ions such as Li
+ 
in the ionic liquid would 
reduce its electrochemical window. Moreover, the reference / quasi reference electrode which is 
often used in electrochemical processes plays an important role in the determination of the 
potential values in addition to the working substrate material. 
Borissenko et al. [38] reported that 1-butyl-1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)amide [Py1,4]TFSA has an electrochemical window of 6 V on 
Au(111) substrate. However, the authors in [23] showed that the electrochemical window of the 
same ionic liquid on glassy carbon is 5.5 V using Pt as quasi reference electrode with a lower 
limit of -3.2 V vs. ferrocene/ferrocinium as quasi reference electrode. 
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This electrochemical stability of ionic liquids makes them - in contrast to many other solvents -
suitable electrolytes for the electrochemical deposition of metals and semiconductors such as Ta, 
Ge or Si which cannot be deposited as pure elements from aqueous or organic solutions. 
A brief summary on the electrochemical windows of ionic liquids and materials or elements 
which can be electrochemically synthesized in them is shown in figure 1.3.         
 
 
 
 
  
 
  
    
 
                   
                                                                                                                                                          
   
                                                                                   
  
 
 
 
 
 
  
  
                                                                       
                                                                       
  
 
 
Fig.  1.3 The electrochemical windows of aqueous solutions (water) and ionic liquids with the 
possible conducting polymers, elements or alloys that can be electrochemically synthesized in them. 
PPP: poly(paraphenylene), PT: polythiophene, PPV: poly(p-phenylene vinylene), PEDOT poly(3,4-
ethylenedioxythiophene). 
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1.1.4.6 Solvation and solubility [5, 39] 
The solvation power of ionic liquids is very important for both fundamental and applied studies. 
Ionic liquids can be regarded as polar solvents as they solely consist of ions. However, they both 
dissolve polar and non-polar solutes.  
The polarity of solvents is a very important factor which enables to determine their ability to 
dissolve a certain solute; therefore it can be defined as the overall solvation capability of solvent. 
In a chemical meaning this expresses the ability of solvent molecules (or ions) to associate with 
solute molecules (or ions).  
In some cases, the solubility of some salts in ionic liquids is low due to the weak coordinating 
ability of the bulky cations and anions forming ionic liquids which hinder the breakdown of the 
electrostatic interactions between metal salts. However, if the temperature of the system is 
increased the solubility of salts is often enhanced. 
Changing the ionic liquid polarity is also an important factor which helps to increase the 
solvation power. By reducing e.g. the alkyl chain length in the cation the polarity of the ionic 
liquid will increase and its ability to dissolve polar compounds will also increase. Using ionic 
liquids with long alkyl chains will reduce the polarity and the liquids become more suited to 
dissolve non-polar compounds. 
Task specific ionic liquids [TSIL], as has been mentioned before, are a class of ionic liquids in 
which e.g. an additional functional group will complex metal ions and thus increase the solubility 
of metal salts [5]. 
AlCl3 based ionic liquids have been reported to have a flexible solvating ability because of their 
capability to be either Lewis acid or Lewis base according to the molar ratio of AlCl3 to the 
organic salt. By adding an excess of the organic salt the overall mixture becomes a Lewis base, as 
mentioned above. An excess of AlCl3 would render the mixture Lewis acid due to the formation 
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of coordinately unsaturated aluminum species and the buffering of 1:1 molar ratio of the mixture 
with NaCl would produce neutral liquids [39]. 
This change in the Lewis acidity and basicity of ionic liquids enables them to dissolve a wide 
range of both organic and inorganic salts. 
1.1.4.7 Density [1, 40] 
The density of ionic liquids is usually higher than the density of water and the values are in the 
range of 1.0-1.6 g cm
-3 
depending on the individual ions.   
Dzyuba et al. [40] reported that the density decreases by increasing the alkyl chain length of 
imidazolium cations. The density also varies with the type of the ions where the density of 
aromatic onium salts is e.g. higher than that one of aliphatic ammonium salts. 
As an example, the densities of liquids with 1-ethyl-3-methylimidazolium [EMIm]
+
 having 
different anions is in the order 
CH3SO3
− < BF4
− and CF3COO
− < CF3SO3
−< (CF3SO2)2N
− < (C2F5SO2)2N
− [1]. 
1.1.4.8 Effect of impurities in ionic liquids [36, 41, 42] 
For electrochemical studies, the presence of impurities even in low concentrations is an important 
issue due to a great influence on electrochemical processes. The presence of some halides or 
organic impurities in ionic liquids affects significantly their physical properties. Therefore, it is 
important to purify ionic liquids and remove such impurities. 
From the synthesis process of ionic liquids halide impurities can be introduced. They can affect 
the viscosity of ionic liquids and their electrochemical windows. 
Seddon et al. studied the effect of impurities on the physical properties of several imidazolium 
tetrafluoroborate ionic liquids and they reported that even a low concentration of halide ions 
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causes a considerable increase in the viscosity [41]. However, the presence of water or molecular 
solvents rather decreases the viscosities of the mentioned ionic liquids [41]. They also noted that 
the melting point of these ionic liquids which has been reported in earlier studies in the range 5.8-
15℃ is clearly varied by impurities [41].  
Moreover, the reduction and oxidation of water will narrow the electrochemical window of the 
ionic liquid and the oxidation of halide ions in the anodic regime can have an impact on the 
quality of deposits.  
The presence of water, chloride and 1-methylimidazole in 1-butyl-3-methylimidazolium 
tetrafluoroborate ([BMIm]BF4) alters size and shape of silver nanoparticles made in the liquid. 
Trace amount of these impurities create polydisperse and irregularly shaped ensembles of both 
large and small particles and also negatively impact the stabilization of the resulting silver 
nanoparticles [42].  
Ionic liquids are unlike other molecular organic solvents: they cannot be purified by distillation 
due to their negligible vapor pressures. Therefore other techniques must be used to remove these 
impurities. One early example is the precipitation of such halides with silver nitrate. Another 
technique for the purification of ionic liquids is chromatography.  
For water immiscible ionic liquids the impurity level can be lowered by extracting the ionic 
liquid with an organic solvent and washing the whole solution with deionized water. 
Subsequently the solvent can be removed by evaporation using a rotary evaporator and finally the 
ionic liquid can be heated under vacuum to remove water traces.  
In water miscible ionic liquids such as imidazolium tetrafluoroborates, alkylation reactions using 
halide free alkylating agents are used to get halide free ionic liquids [36]. 
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Although the presence of small amounts of water may not always have a significant effect, the 
amount of water should at least be determined and reported. To allow comparability Karl Fischer 
titration is a common technique to determine the water amount. 
1.1.5 Applications of ionic liquids [43-72] 
Ionic liquids are discussed to many different applications such as pharmaceuticals [43,44], food 
and bioproducts [45,46] and fundamental research [47] because of their physico-chemical 
properties. They are suitable for many applications such as catalysis and surface chemistry [48–
53], nuclear fuel reprocessing [54–59], liquid/liquid extractions, photochemistry [60–62], 
electroanalytical applications and different processes in chemical industry [63–69].    
The potential of ionic liquids as electrolytes in electrochemistry is based on their non-
flammability, high ionic conductivity, viscosity and electrochemical and thermal stability. Thus 
ionic liquids are discussed for batteries, capacitors, fuel cells, photovoltaics, actuators and 
electrochemical sensors [70].  
Furthermore, ionic liquids enable the electrochemical deposition of noble metals, alloys and also 
of conducting polymers [71,72]. 
1.1.5.1 Electrodeposition of metals and alloys [71, 73-123] 
The electrodeposition of aluminum from the so called first generation ionic liquids, also known 
as “room-temperature molten salts” or “ambient temperature molten salts” is comparably easy 
[73–78]. Also many relatively noble elements such as copper, silver, gold and platinum can be 
deposited from these first generation ionic liquids. However reactive elements such as silicon, 
lithium, germanium and others cannot be electrodeposited from these ionic liquid without the 
codeposition of aluminum. 
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Lipsztajn and Osteryoung reported the first electrochemical deposition of Li from 1-ethyl-3-
methyl-imidazolium chloride/AlCl3 [79]. Li was later also electrodeposited from 1-ethyl-3-
methyl-imidazolium tetrachloroaluminate by Piersma et al. on platinum, glassy carbon and 
tungsten using molybdenum and platinum foils as counter electrodes [80]. 
Sodium [81,82], indium [83,84], gallium [85], tin [86], antimony [87,88] and tellurium [89] were 
also electrodeposited from AlCl3 based ionic liquids  
After the introduction of air- and water-stable ionic liquids in 1990s which possess wide 
electrochemical windows up to 6V combined with extremely low vapor pressures, many reactive 
elements such Li, Si, Ta, Ge, Nb and other elements could be electrodeposited as pure elements. 
These ionic liquids are often called the second and third generation of ionic liquids, as mentioned 
above. 
Zinc and zinc alloys were electrodeposited from ZnCl2/[EMIm]Cl where the concentration of 
ZnCl2 is more than 33% [90–92]. Some types of steel cannot be zincated in aqueous solution due 
to hydrogen embrittlement. Such ionic liquid baths, however, suggest a viable alternative route. 
Urea and ethylene glycol/choline chloride ionic liquid like electrolytes were proposed by Abbott 
et al. for the deposition of Zn [93]. 
Copper which is one of the most widely used elements with several industrial applications, has 
been electrochemically deposited from different ionic liquids such as 1-ethyl-3-methyl 
imidazolium tetrafluoroborate ([EMIm]BF4), trimethyl-n-hexylammonium bis 
(trifluoromethylsulfonyl)amide ([TMHA]TFSA) and 1-butyl-1-methylpyrrolidinium bis 
(trifluoromethylsulfonyl) amide ([Py1,4]TFSA) [94–96]. 
Very pure and adherent cadmium was electrodeposited from [EMIM]BF4 containing CdCl2 on 
tungsten [97]. The codeposition of Cd and Zn can be obtained from acidic zinc chloride-1-ethyl-
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3-methylimidazolium chloride (ZnCl2–[EMIm]Cl) ionic liquids where the content of cadmium 
can be increased by increasing the CdCl2 concentration [98]. 
In 2004 Abbott et al. reported the electrochemical deposition of chromium in a mixture of choline 
chloride and chromium(III) chloride hexahydrate and the addition of LiCl lead to  nanocrystalline 
black chromium films [99,100] . 
Palladium is well known for its absorbtion of hydrogen; therefore the deposition of palladium 
from aqueous solutions yields only brittle deposits. The deposition from ionic liquids prevents the 
hydrogen embrittlement, thus compact adherent deposits of Pd and many of its alloys such as Pd–
Ag [101], Pd–Au [102] and Pd–In [103] can be electrodeposited from basic 1-ethyl-3-
methylimidazolium chloride/tetrafluoroborate. Antimony  and its alloys can be electrodeposited 
from the same basic ionic liquid ([EMIm]Cl-BF4) [104,105]. 
The electrodeposition of silver from AlCl3 based ionic liquids has been reported in many papers 
[106–108]. However, as mentioned before, the contamination of Al in the final deposits makes 
these ionic liquids not suitable enough for silver deposition. ([EMIm]BF4) was considered as a 
better alternative for silver electroplating producing pure silver deposits [109]. 
Electrodeposition of silver from 1-butyl-3-methylimidazolium hexafluorophosphate 
([BMIm]PF6) has also been reported [71]. 
Shiny and dense deposits of Pt with a tiny particle size were reported from [BMIm]BF4 and 
[BMIm]PF6 [110]. The electrodeposition of Al from ionic liquids which contains more 
hydrophobic anions such as [TFSA]
−
 has also been studied [111,112]. Magnesium 
electrodeposition from [BMIm]BF4 and 1-butyl-1-methylpyrrolidinium trifluoromethylsulfonate 
([Py1,4]TfO) was reported [113–117]. 
Other reactive elements such as lithium [118,119] and tantalum [120] were deposited from 
[Py1,4]TFSA. In situ STM measurements give a hint that ultrathin layers of Ti can be obtained by 
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the electrodeposition from 1-butyl-3-methyl-imidazolium bis (trifluoromethylsulfonyl) amide 
[BMIm]TFSA containing TiCl4 as a source of titanium [121]. However, later studies [122,123]  
showed that there is huge increase in viscosity during TiCl4 electroreduction combined with 
TFSA breakdown which might hinder Ti deposition. More efforts are needed to find a suitable 
ionic liquid and suitable Ti precursors for the electrodeposition of thick film. 
1.1.5.2 Electrodeposition of semiconductors [20, 38, 124-132] 
Owing to their wide applications in different field such as electronics, optical devices and solar 
cells, semiconductors are of great interest in both fundamental and industrial applications. 
Aqueous solutions are rarely suitable solvents for the electrodeposition of semiconductors as 
hydrogen evolution disturbs the deposition process. The electrochemical deposition of 
germanium from ([BMIm]PF6) saturated with GeI4, GeBr4 and GeCl4 was reported in [20,124–
126]. 
Nanocrystalline silicon with crystal diameters between 50 and 150 nm were electrochemically 
deposited from 1-butyl-1-methyl-pyrrolidinium bis(trifluoromethylsulfonyl) amide at room 
temperature [38,127]. 
Recently, silicon nanowires and nanotubes were obtained by electrodeposition in ionic liquids at 
room temperature [128,129] and the effect of the anion on the interfacial processes during silicon 
deposition from three different ionic liquids was also studied [130]. 
Ionic liquids are not only used for the electrochemical synthesis of elemental semiconductors but 
they can also be employed to get compound semiconductors such as InSb [105], CdTe [131] and 
recently GeSn [132].  
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1.1.5.3 Electrodeposition of conductive polymers [72, 133-138] 
The optical, magnetic and electrical properties of conducting polymers make them interesting for 
several applications. The conductivity of these polymers enables them to be produced by the 
electropolymerization of their appropriate monomers. Conventional organic solvents are not 
always suitable for the electrochemical synthesis of conductive polymers due to their vapor 
pressure, degradation and low thermal stability. Such problems can be circumvented by ionic 
liquids.  
Zein El Abedin et al [72] reported the electrodeposition of poly(paraphenylene) in 1-hexyl-3-
methylimidazolium tris(pentafluoroethyl)trifluorophosphate ([HMIM]FAP). Other conductive 
polymers were electrochemically synthesized in different ionic liquids such as polypyrrole in 
[BMIm]PF6 and in [EMIm]TfO [133–135],  poly-(3,4-ethylenedioxythiophene) in [EMIm]TFSA 
[136] and poly(3-(4-fluorophenyl)thiophene) in 1-ethyl-2,3-dimethylimidazolium 
bis(trifluoromethylsulfonyl)amide ([EMMIm]TFSA) and in 1,3-diethyl-5-methylimidazolium 
bis(trifluoromethylsulfonyl)amide ([EEMIm]TFSA) [137]. 
A further advantage of ionic liquids is, that in situ scanning tunneling microscopy (STM) 
measurements are easily available in ionic liquids, whereas practically impossible in highly 
aggressive media such as H2SO4 formerly needed for benzene polymerization. Carstens et al. 
[138] reported in situ-STM measurements of the initial stage of benzene polymerization in 
[HMIM]FAP and they showed that the band gap of the electrodeposited polymer on Au(111) is 
2.9 ± 0.2 eV, in good agreement with the reported value in literature. 
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1.2 Tin and its electrodeposition 
1.2.1 Tin as element [139, 153] 
Tin is one of the oldest soft and pliable metals known by man in the ore cassiterite (SnO2) [139]. 
This ore does not occur in mineral veins but in extensive alluvial deposits where the 
concentration does not exceed 4%. Tin ring and pilgrim bottle has been found in an Egyptian 
tomb of the eighteenth dynasty (1580–1350 BC) [139]. The mining of tin around 700 BC in the 
province of Yunnan was done by Chinese. Pure tin has also been found at Machu Picchu, the 
mountain citadel of the Incas [139]. 
Tin is flabby, ductile and a highly crystalline silvery white element. There are two main allotropic 
forms of tin: α-Sn which is gray, brittle and only stable below 13.2 ℃. It has a diamond cubic 
crystal structure with no metallic properties due to the formation of covalent bonds between 
atoms, thus electrons cannot move freely. The α-Sn can be used in few semiconductors 
applications [140]. The second form is β-Sn which is more stable at room temperature and above 
with metallic properties. At higher temperature ~ 160℃ and higher pressure two more forms (γ-
Sn and σ-Sn) exist [141].   
Tin has important chemical and physical properties such as corrosion resistivity and silver like 
finish. Therefore, it can be used in several applications such as corrosion protection, decorations, 
soldering, batteries [142], electronic components, integrated circuits and many other ones. 
Tin salts and alloys are also used widely, for example tin salts are sprayed over glass to produce 
electrically conductive glass and tin(II) chloride is used as reducing agent. Niobium-tin alloys are 
used for superconducting magnets and electric power machinery [143,144]. There are many other 
tin alloys of different applications.  
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Due to the formation of several inter-metallic phases with Li, Sn is an attractive material to be 
used in Li ion batteries as a Li/Sn anode has a theoretical capacity of 990 mAhg
-1
 compared to 
370 mAhg
-1
 for graphite [145–147].    
There are different routes for the synthesis of tin and tin based compounds such as sol-gel 
precipitation [148], ball milling [149,150] and electrochemical synthesis [147,151,152]. The 
easiest, cheapest and most controllable technique for obtaining thin films with optimized 
morphology might be electrodeposition [153]. 
1.2.2 Electrodeposition of tin [1, 154-164] 
Electrodeposition of tin from aqueous solutions has been studied for at least a hundred years. Tin 
deposition is usually carried out from acidic Sn(II) solutions or from alkaline Sn(IV) solutions. 
However, both acidic and alkaline solutions have several disadvantages. The major drawback of 
alkaline solutions is that the deposition of tin must be carried out at elevated temperatures. Acidic 
solutions have a low maximum deposition current density for the deposition of tin. Furthermore, 
the composition is difficult to control and satisfactory deposits were not obtained from acidic 
solutions of Sn(II) salts [154–158], especially because hydrogen is evolved during the electrolysis 
process. Moreover, acidic and alkaline baths result in the precipitation of hydroxides of tin, and 
hence additives such as oxidation inhibitors and surfactants must be used to prevent hydroxide 
formation, which makes the electrodeposition processes even more difficult to control [159,160]. 
Organic solvents were also used as electrolytes to avoid the aforementioned problems. Dimethyl 
sulfoxide was e.g. used as an electrolyte for the deposition of tin [161]. However, aprotic organic 
solvents often do not provide adequate conductivity and solubility of metal salts. Furthermore, 
the volatility and flammability of these organic solvents raise some safety issues. In this context, 
ILs may circumvent the above problems owing to their negligible/low vapor pressure and the 
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good solubility of tin salts therein [1,162–164]. In the following sections the electrodepostion 
baths for tin are explained in more detail. 
1.2.2.1 Electrodeposition of tin from acidic baths [165-173] 
Acidic deposition baths of tin consist of divalent stannous salts. They are consuming less 
electricity than alkaline solutions, thus they can be used in microelectronic packaging. The 
advantages of simple acidic stannous baths are that they are environmentally friendly and 
working at reasonable rates at room temperature. Acidic stannous solutions produce less adherent 
and non-uniform deposits, therefore additives must be introduced to the deposition bathes to 
improve the morphology and adhesion of the deposits. Different additives have been used to 
improve the deposition. The addition of gelatine to acidic tin solutions has been reported to 
improve the morphology and adherence of the produced tin films  [165,166]. In two British 
patents from Schloetter [167,168] the addition of hydroxyl aromatic compounds to the stannous 
based solution is reported. The addition of acids was reported by other authors: Alexander et al. 
introduced sulphonic acid to the acidic deposition bath [169] and the addition of cresylic acid was 
also reported [170]. In some cases the authors tried to combine more than one component in the 
acid deposition baths to get more prominent results [171–173]. Although these organic additives 
were used to improve the quality of the tin deposits, the deposition systems became more 
complicated and difficult to be controlled. 
1.2.2.2 Electrodeposition of tin from alkaline baths [174-178] 
 
 
Alkaline deposition baths of tin are based on tetravalent tin salts, sodium stannate or potassium 
stannate and the corresponding alkali metal hydroxides are the main salts that are used in these 
baths. The main advantages of such systems are that they are non-corrosive and easy to control as 
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they can be used simply without any additive. However, such baths cannot be used at room 
temperature and have low maximum deposition current density in addition to a restrictive anode 
current density range [174]. At lower temperature a spongy precipitate is formed in the deposition 
bath which passivates the anode even at lower current densities and the temperature has to be 
higher than 65 ℃ to get more satisfactory deposits. Since the deposition from alkaline tin baths is 
based on tetravalent stannate solutions, the required electrical charge to plate the same mass of tin 
is twice higher than that which is used in divalent stannous acidic baths. 
One of the most important disadvantages of alkaline plating baths is the diffusion of hydrogen 
inside the tin deposits whereas the obtained deposits from stannate solutions are uniform, those 
which are obtained from stannite [HSnO2]
−
 are not uniform, spongy and non-coherent [175–178]. 
Furthermore, the presence of oxygen in such aqueous solutions can promote further oxidation of 
[HSnO2]
−
 to [SnO3]
−
 showing the need for inhibitors or additives complicating baths. 
1.2.2.3 Electrodeposition of tin from organic solvents [161, 179] 
Due to the aforementioned problems that appear during the electrochemical deposition of tin in 
aqueous acidic or alkaline baths, organic solvents can be used as alternative deposition 
electrolytes. 
Santato et al. reported the electrodeposition of tin wires using dimethyl sulfoxide (DMSO) as a 
plating medium [161]. The authors showed that there are two factors which can affect the 
morphology of the deposits, one of which is the amount of electrical charge passed through the 
cell prior to deposition in addition to the aging time of the electrolytic solutions. Spherical tin 
agglomerates are formed when the deposition solutions are not aged for enough time while tin 
wires are obtained if the electrolyte containing 0.1M SnCl2 and 0.5M NaNO3 is aged for two 
weeks after an electric charge of 20 C was passed through the cell. 
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Tin-nickel codeposition from organic solvents and mixed organic and aqueous solvents was also 
reported [179]. 
Such organic solvents involve safety issues due to their volatility and flammability, in addition to 
their low conductivity and solubility of metal salts which limits their use in the electrodeposition 
processes.   
1.2.2.4 Electrodeposition of tin from ionic liquids  [93, 180-193] 
The electrodeposition of tin from ILs has been reported in literature [93,180–186]. Xu and 
Hussey [180] investigated the electrochemistry of Sn(II) and Sn(IV) in acidic and basic 
[EMIm]Cl/AlCl3). The electrochemistry of tin was investigated by Huang and Sun in acidic and 
basic [EMIm]Cl/ZnCl2 [181]. Ling and Koura also studied the electrochemistry of tin [182]. 
Tachikawa et al. investigated the electrochemical behavior of Sn species in 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)amide ([Py1,4]TFSA); tin species were 
introduced into the IL by anodic dissolution of a tin wire [183]. Morimitsu et al. studied the 
electrodeposition of tin and indium–tin alloys from [EMIm]BF4/[EMIm]Cl [184,185]. Abbott et 
al. studied the deposition of tin, zinc and their alloys from a choline-chloride-based, IL-like deep 
eutectic solvent [93]. Fabrication of porous tin was achieved by template free deposition of tin 
nanowires from an IL containing the dicyanamide (DCA
−
) anion [186]. Adsorption/solvation 
layers of ILs can play a significant role in the deposition process and influence the kinetics of the 
electrodeposition reaction [187]. It was reported that nanocrystalline Al deposits can be obtained 
from [Py1,4]TFSA, whereas a microcrystalline Al deposit was obtained in the case of 1-ethyl-3-
methyl imidazolium bis(trifluoromethylsulfonyl) amide [EMIm]TFSA. The difference in grain 
size seems to be due to the influence of the cation of the IL, although the exact mechanism is 
unclear [188,189]. The different grain size may thus be due to a difference in the adsorption of 
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the pyrrolidinium cation on the growing nuclei and, thus, hindered further growth of crystals. 
This assumption was supported by studying the interface of the two ILs ([Py1,4]TFSA and 
[EMIm]TFSA) independently by atomic force microscopy and scanning tunnelling microscopy 
which revealed that, in the neat liquid, [Py1,4]
+
 cations interact with the substrate more strongly 
than [EMIm]
+
 cations [190]. Thus, differences in surface adsorption/interaction can lead to 
dramatic effects. Interestingly, a nanocrystalline Al deposit was also obtained from partially 
decomposed ILs such as 5.5 M AlCl3/[EMIm]TFSA and acidic [EMIm]Cl/AlCl3 (60/40 mol%) 
[191]. The decomposition products of the [EMIm]
+
 cations seem to act as a grain refiner. 
Furthermore, a nanocrystalline Al deposit was obtained from 1-(2-methoxyethyl)-3-
methylimidazolium chloride/AlCl3 [192]. In addition to the above results, nanocrystalline Al 
deposits were obtained from [Py1,4]TfO (TfO = trifluoromethylsulfonate), but microcrystalline Al 
was obtained from [EMIm]TfO [193]. Thus, a change in the cation or anion of the IL has some 
influence on the morphology of the respective deposit.  
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2. Aim of the work 
Tin plays an important role in many industrial fields such as decorations, electroplating of metals 
to protect them from corrosion, soldering, integrated circuits, electronics, batteries and many 
other applications. For Li ion batteries the Li/Sn anode has a theoretical capacity of 990 mAhg
-1
 
or a volumetric capacity of 7200 Ah/L which is almost three times higher than the capacitance of 
graphite (370 mAhg
-1 
or 800 Ah/L). 
The aim of the current thesis is to make several deposits of tin and tin based alloys from air- and 
water stable ionic liquids. Different structures such as nanowires, thin films and three-
dimensionally ordered macroporous structures (3DOM) are aimed to be electrochemically 
synthesized from different ionic liquids, namely 1-ethyl-3-methylimidazolium dicyanamide 
([EMIm]DCA), 1-butyl-1-methylpyrrolidinium dicyanamide ([Py1,4]DCA) and 1-butyl-1-
methylpyrrolidinium trifluoromethylsulfonate, [Py1,4]TfO. 
Nanowires and macroporous structures with smaller particle sizes ensure short Li-ion baths and 
introduce large interface areas between the electrode and electrolyte which correspondingly 
accelerate the reaction rate. 
Alloying of tin with different metals can help to overcome the poor cyclability of pure Sn due to 
the volume expansion during the lithiation/delithiation processes. 
Therefore the aim is to combine the advantages of alloying and structure designing to improve 
the performance of Sn based materials. 
These materials with different structure morphologies would have a potential as anode host 
battery materials. 
The effect of the ionic liquid composition on the deposition morphology of tin is also one aim of 
this thesis. 
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3. Experimental  
3.1  Chemicals [1, 194] 
Anhydrous SnCl2 powder (Alfa Aesar; 99.99%) was used as tin source for electrochemical 
deposition of tin, CuSn and SiSn. Tin wire (99.999%) and foil (99.999%) were purchased from 
Alfa Aesar. Silicon tetrachloride (Fluka; >99.999 %) and CuCl (Sigma-Aldrich; 99.995%) were 
used as sources for Si and Cu for the electrochemical deposition of SiSn and CuSn, respectively. 
Zn(TfO)2 powder (IO-LI-TEC, Germany, 99%) and tin trifluoromethylsulfonate [Sn(TfO)2] 
(Sigma-Aldrich; 98%) were used as a source of copper and tin, respectively in the 
electrodeposition of ZnSn alloy. 
Three different ionic liquids were used in this thesis, namely, 1-ethyl-3-methylimidazolium 
dicyanamide ([EMIm]DCA), 1-butyl-1-methylpyrrolidinium dicyanamide ([Py1,4]DCA) and 1-
butyl-1-methylpyrrolidinium trifluoromethylsulfonate, [Py1,4]TfO. All the ionic liquids were 
purchased from IO-LI-TEC (Germany) and dried for 2 days at 373 K under vacuum, then stored 
in closed bottles in an argon-filled glove box. The water and oxygen contents in the glove box 
were less than 2 ppm (OMNI-LAB from Vacuum Atmospheres). The water contents of the dried 
[Py1,4]TfO, [EMIm]DCA and [Py1,4]DCA ILs were determined by Karl–Fischer titration (10, 15 
and 7 ppm, respectively). 
The chemical structure of each ionic liquid is shown in figure 3.1. 
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These ionic liquids were selected for the electrodeposition of Sn nanowires, Sn films and 
different Sn based alloys such as ZnSn, SiSn and CuSn. They are thermally quite stable which 
enables an efficient drying by heating over 100 ℃ under vacuum; in addition they have a good 
conductivity compared to common organic solvents. Furthermore, their wide electrochemical 
windows makes them stable enough to deposit such materials. Some of their physical properities 
are summarized in table 3.1. 
 
Table  3.1. Some physical properties of the employed ionic liquids at room temperature. [1,194] 
Ionic liquid Density 
(g/cm) 
Viscosity 
(mPa∙s) 
Melting point 
(℃) 
Conductivity 
mS cm
-1
 
EC window (V) 
on platinum 
[EMIm]DCA 1.08 19.4 -21 36 3 
[Py1,4]DCA 0.95 45 -55 n.a. 3.5 
[Py1,4]TfO 1.25 173.9 3 n.a. 5.75 
 
 
 
Fig.3.1. Chemical structure of the ionic liquids (a) [EMIm]DCA, (b) [Py1,4]DCA and (c) [Py1,4]TfO 
(a) 
 
(b) 
 
(c) 
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3.2 Electrodeposition baths 
The chemical composition of the deposition baths that have been used for the electrodeposition of 
tin and its alloys in [EMIm]DCA, [Py1,4]DCA, [Py1,4]TfO are listed in table 3.2. 
 
Table  3.2. The chemical composition of baths used for tin and tin based alloys deposition in three air and 
water stable ionic liquids. 
Ionic liquid SnCl2 
 
CuCl 
 
Zn(TfO)2 
 
Sn(TfO)2 SiCl4 Notes 
[EMIm]DCA 0.1 and 
0.05 
1 and 
0.25 
- - - * all the solutions are in 
molar concentration 
mol/L (M) 
* all the baths are 
monophasic 
[Py1,4]DCA 0.1 and 
0.05 
- - - - 
[Py1,4]TfO 0.1 and 
0.05 
- 0.05 0.05 0.1 
 
3.3 Electrochemical cell  
Two electrochemical cells were used in the electrodeposition processes. Figure 3.2 shows one of 
them which was made of polytetrafluoroethylene (Teflon), clamped over a Teflon covered O-ring 
onto the working electrode yielding a geometric surface area of 0.3 cm
2
. This cell is only suitable 
for room temperature experiments delivering small area samples (only 0.3 cm
2
). For obtaining 
deposits of higher surface area a 10 mL glass beaker with a Teflon holder was used for the 
electrochemical cell as shown in figure 3.3. Before running a new experiment the Teflon cell with 
the O-ring and all the parts in contact were cleaned in a mixture of 50/50 vol% H2SO4/H2O2 
followed by rinsing in refluxing distilled water. The used electrodes are different according to 
each experiment; this will be explained in details in the following section. 
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Fig.  3.2. Photograph of the electrochemical cell used in this study for small area samples. 
Fig.  3.3. Photograph of the electrochemical cell used in this study for larger area samples. 
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3.4 Electrodeposition of tin nanowires 
For the electrochemical synthesis of freestanding tin nanowires from two different ionic liquids, 
namely, 1-ethyl-3-methylimidazolium dicyanamide and 1-butyl-1-methylpyrrolidinium 
dicyanamide via a template-assisted electrodeposition approach, track-etched polycarbonate (PC) 
membranes (Ion Track Technology for Innovative Products, IT4IP, Belgium) were used as 
templates. The templates have a thickness of 21 μm and a nominal pore diameter of 90 nm (pore 
density of 10
9
 cm
−2
). One side of the membrane was sputtered by approximately 100 nm thin 
films of either copper or gold to make it conductive and to serve as working electrode. The use of 
templates has the advantage of getting structures with predefined and controllable sizes and 
shapes in addition to the possibility to form vertically aligned nanowires, in principle. Sn was 
electrodeposited on both sides of the template to give a supporting Sn layer on the sputtered 
surface and Sn nanowires on the other side at the same time. Cu supporting layers were also 
deposited on the sputtered side instead of tin, which forms brittle dendrites. Consequently, Sn 
nanowires were deposited in a different step through the pores of the nonsputtered side. After 
dissolution of the PC membrane in dichloromethane, freestanding Sn nanowire structures on an 
electrodeposited Cu supporting layer were expected. 
For bulk tin deposition on copper and gold (gold on glass, Arrandee Inc.) substrates, the small 
area electrochemical cell (figure 3.2) was used. Tin foil and tin wires (Alfa Aesar, 99.99 %) were 
used as counter (CE) and reference (RE) electrodes, respectively, for Sn deposition. A 10-ml-
glass beaker (figure 3.3) was used as an electrochemical cell for Sn nanowire synthesis in which 
the sputtered membrane (working electrode) was placed between the counter and the reference 
electrodes, and the distance between the template and the counter electrode in all experiments is 
kept constant at 1 cm. In the case of Cu deposition, copper wires were used as counter and 
reference electrodes. All electrochemical measurements were performed using a PARSTAT 2263 
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potentiostat/galvanostat controlled by Power CV and PowerStep software. The deposits were 
washed by immersing the template in isopropanol to remove the ionic liquid residues; 
subsequently, the templates were dissolved in dichloromethane (CH2Cl2, AR, Merck). A 
schematic sketch of the free standing nanowire electrodeposition is shown in figure 3.4 
  
3.5  Influence of ILs anion on tin morphology  
The change in the cation or anion of the IL has some influence on the morphology of the 
respective deposit. In the light of these results, the deposition of tin from ILs with the same 
[Py1,4]
+
 cation but two different anions, namely, TfO
− 
and DCA
−
, was studied where the 
electrochemical deposition of tin from [Py1,4]TfO has not yet been reported. For comparison, tin 
electrodeposition was also studied in [EMIm]DCA. Gold and copper electrodes were employed 
to investigate the electrochemical behavior of SnCl2 and the morphology of the tin deposits. IR 
Fig.  3.4 Schematic sketch explaining the electrochemical deposition of nanowires structure (a) 
Electrochemical cell including polycarbonate template as a working electrode. (B) Electrodeposited Sn 
nanowires after removal of the template by CH2Cl2. 
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spectroscopy was employed to investigate the differences in the complexation of SnCl2 in the 
three different ILs. 
A 10 mL glass beaker was used for the electrochemical cell (figure 3.3), gold (200–300 nm-thick 
gold films on chromium covered borosilicate glass, procured from Arrandee Inc.) and copper 
plates were used as working electrodes (WEs) in different experiments. Prior to use, the gold 
WEs were annealed in a hydrogen flame to red glow for a few minutes. Copper plates were 
polished, rinsed in high purity acetone and then in ethanol in an ultrasonic bath to minimize 
possible surface contamination. Tin wires and tin foils were used as reference and counter 
electrodes, respectively. 
3.6  Zinc–tin films and free-standing nanowire arrays 
For the deposition of zinc-tin alloys, zinc trifluoromethylsulfonate [Zn(TfO)2] and tin 
trifluoromethylsulfonate [Sn(TfO)2] were used as sources of Zn and Sn, respectively. [Sn(TfO)2] 
has a higher solubility in [Py1,4]TfO than in [EMIm]TfO. Therefore, [Py1,4]TfO was employed for 
Sn and Zn–Sn deposition. The electrochemical cell, which was made of polytetrafluoroethylene 
(Teflon), was clamped over a Teflon-covered Viton o-ring to yield an area of 0.3 cm
2
 (figure 
3.2). Gold substrates (gold on glass) from Arrandee Inc. were used as working electrodes. Track-
etched polycarbonate (PC) membranes with a nominal thickness of 21 µm and an average pore 
diameter of 100 and 200 nm, respectively, were used as templates for synthesizing the nanowires. 
A thin layer of Au (about 100 nm thick) was sputtered on the reverse side of the templates 
serving as the working electrode. Platinum wires (Alfa, 99.99%) were used as counter and quasi 
reference electrodes, respectively. The reference and counter electrodes were directly immersed 
in the solutions without using a separate compartment. The Pt quasi reference electrode was the 
best compromise with respect to handling and electrochemical stability. 
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After deposition, the samples were rinsed with isopropanol to ensure removal of the ionic liquid, 
and the membranes were removed by dissolving in dichloromethane (CH2Cl2, AR, Merck). 
3.7  Copper-tin macroporous films and free-standing nanowire arrays 
Both CuSn nanowires and macroporous structures were electrochemically deposited from a 
mixture of 0.25M CuCl and 0.05M SnCl2 in [EMIm]DCA. 
The electrodeposition of macroporous CuSn structures from air and water stable ionic liquids was 
done through the voids of polystyrene opal structures on gold substrates. For this purpose, 
polystyrene spheres (PS) with an average diameter of about 600 nm (Thermo Scientific, USA) 
were applied onto the employed electrodes by a simple dipping process into polystyrene 
suspension (10 vol % PS dispersed in ethanol) for a few seconds at 40℃ and pulled out. The 
covered substrates with a PS layer thickness of about 10 μm were dried and heated at 100℃ for 2 
h. Before the deposition of the polystyrene spheres, the gold substrates were annealed in a 
hydrogen flame to red glow for a few minutes then sonicated in highly pure acetone for a few 
minutes to remove any residual contamination and well dried before the deposition of 
polystyrene. After deposition, the PS template was removed by THF. A schematic sketch of the 
macroporous structure electrodeposition is shown in figure 3.5.  
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For the CuSn nanowires, track-etched polycarbonate (PC) membranes were used as a template. 
The thickness of the membranes is 21 μm with an average pore diameter of 90 nm and a pore 
density of 10
9
 cm
−2
. One side of the membrane was sputtered with a ~100 nm thick film of 
copper to be used as a working electrode during the electrochemical synthesis for this study.  
After the deposition was finished, the membrane, with the nanowires embedded inside, was 
carefully dissolved by CH2Cl2 to get free standing CuSn nanowires. 
The small area electrochemical cell (figure 3.2) was used for the electrochemical deposition 
process. A platinum ring was used as a counter electrode, and a Pt wire was used as a quasi-
reference electrode. A schematic sketch of the nanowire structure electrodeposition is shown in 
figure 3.4. 
Fig.  3.5. Schematic sketch explaining the electrochemical deposition of macroporous 
structures (a) Electrochemical cell to be filled with the electrolyte (0.25M CuCl and 0.05M 
SnCl2 in [EMIm]DCA). (b) Electrodeposition of CuSn alloy (red). (c) After removal of PS 
spheres (grey) by tetrahydrofuran. 
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3.8 Electrodeposition of SiSn                                                                                   
                                                              
Template free SiSn nanowires were electrochemically deposited from a mixture of 0.1M SiCl4 
and 0.1M SnCl2 in [Py1,4]TFO on gold substrates. The small area electrochemical cell (figure 3.2) 
was used for the electrochemical deposition process. A Pt ring was used as a counter electrode, 
and a Pt wire was used as a quasi-reference electrode.  
The final deposits were cleaned carefully in highly pure isopropanol and acetone before further 
analysis.  
3.9  Experimental techniques 
 
Each system has been investigated electrochemically by cyclic voltammetry using a PARSTAT 
2263 potentiostat/galvanostat controlled by PowerCV and PowerStep software. The obtained 
deposits were washed thoroughly and then characterized by high-resolution scanning electron 
microscopy (HR-SEM) with energy dispersive X-ray spectroscopy (EDX) (Carl Zeiss DSM 982 
Gemini), X-ray diffraction (XRD) analyses and a vacuum FTIR spectrometer (VERTEX 70V 
from Bruker Optics GmbH, Ettlingen, Germany) for recording IR spectra.  
3.9.1 Cyclic voltammetry [195, 196] 
Cyclic voltammetry (CV) is one of the standard analytical techniques that are used in 
electrochemistry. This technique often gives only qualitative information on the electrochemical 
reaction. Since it can provide a rapid allocation of the oxidation/reduction electrode potentials of 
the electroactive species which are dissolved in electrolytes, CV is usually the first experiment in 
an electrochemical experiment. 
In this technique, the three electrodes electrochemical cell including the reference electrode (RE), 
working electrode (WE) and the auxiliary electrode (counter electrode CE), are connected to the 
 
 
38 
 
potentiostat. The potentiostat is scanning the potential of the working electrode linearly starting at 
the initial potential Ei where there is no electrode reaction, and therefore no Faradaic current 
flows, then swept between two given values Emin and Emax at a constant scan rate while the 
resulting current is recorded (figure 3.6).  Single or multiple cycles can be recorded. 
 
 
 
 
 
 
 
 
 
 
 
 
For cyclic voltammetry there is a forward scan and a backward scan. 
E= Ei-νt   (forward scan) 
E=Emin+νt      and     E=Emax – νt                   (subsequent cycles) 
Where E(t), Ei and Emin are final, initial and switching potentials in volt, respectively. And ν is the 
scan rate (V s
-1
) and t is time (seconds). 
The electrochemical reaction takes place at the working electrode and the electrical current due to 
the electron transfer at the working electrode is known as Faradaic current. The counter electrode 
closes the electrical circuit. It is important to mention that if a reduction process occurs at the 
working electrode, a corresponding oxidation process takes place at the counter electrode to 
Fig.  3.6. Potential-time signal in cyclic voltammetry sweep. 
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balance the electrochemical process and vice versa. The process that occurs at the counter 
electrode can affect the electrochemical process at the working electrode [195]. 
During the potential sweep, the potentiostat measures the potential (E) between the working 
electrode and the reference electrode while the current is measured between the working 
electrode and counter electrode. The output of the current-potential plot is known as a cyclic 
voltammogram (figure 3.7). 
 
 
 
 
 
 
 
 
 
 
 
 
The scanning of the first half cycle starts at a potential value at which no reactions occur (Ei) then 
goes into the negative direction (forward scan) till it reaches a sufficient potential value for the 
reduction of the electroactive species. A cathodic current flows till a reduction peak is reached, 
then the direction of the potential sweep is reversed in the second half cycle (backward scan). In 
the backward scan the reduced species obtained in the forward scan either as a deposit or as 
active species near the electrode surface are re-oxidized and an anodic current flows till an anodic 
peak is reached.    
Fig.  3.7. Typical voltammogram for a reversible system, 2nd cycle and above 
 
 
40 
 
For the redox reaction  
𝐎 + 𝐧𝐞− ↔ 𝐑 
during the forward reaction the potential is scanned in the negative direction till the active species 
(O) is reduced at the electrode surface (reduction peaks are obtained). In the backward reaction 
the reduced form (R) is re-oxidized (anodic peaks are obtained). The characteristic peaks in the 
cyclic voltammogram are  in most cases caused by diffusion limitation of the species to the 
surface.  
The relationship between the applied potential and the concentration of the electroactive species 
is determined by the Nernst equation [196]. 
𝐄 = 𝐄° +
𝐑𝐓
𝐧𝐅
 𝐥𝐧
𝐚𝐨
𝐚𝐑
                                     
Where E
o
 is the standard electrode potential; R is the universal gas constant; T is the absolute 
temperature; F is Faraday’s constant; ao and aR are the activities of the oxidants (O) and 
reductants (R) at the electrode surface, respectively. 
According to Fick’s first law of diffusion [196] the current flow during the redox reaction is 
proportional to the concentration gradient of the electroactive species at the electrode surface 
𝐈 = 𝐧𝐅𝐀𝐃 (
𝐝𝐂
𝐝𝐗
) ,  if diffusion is the slowest process. 
n is the number of electrons transferred in the reaction; A is the area of the electrode surface; D is 
the diffusion coefficient of the electroactive species; c is the active species concentration and x is 
the distance from the electrode surface. 
The peak current as function of scan rate for a fully reversible redox process with no other 
limitations is given by the Randles-Sevcik equation  
𝐈𝐩 = (𝟐. 𝟔 × 𝟏𝟎
𝟓)𝐧
𝟑
𝟐⁄  𝐀𝐂𝐃
𝟏
𝟐⁄ 𝛎
𝟏
𝟐⁄    
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Where Ip is the peak current; n is the number of electrons transferred in the redox reaction; A is 
the surface area of the electrode; D is the diffusion coefficient of the electroactive species; C is 
the active species concentration and ν is the scan rate. 
For an irreversible process the current peak is given by 
𝐈𝐩 = (𝟐. 𝟗𝟗 × 𝟏𝟎
𝟓)𝐧
𝟑
𝟐⁄  𝛂
𝟏
𝟐⁄ 𝐀𝐂𝐃
𝟏
𝟐⁄ 𝛎
𝟏
𝟐⁄  
α is the transfer coefficient 
However it’s important to mention that these equations are mainly based on electrochemical 
studies in aqueous solutions and they can only rarely be applied to electrochemical reactions in 
ionic liquids.  
In this study cyclic voltammetry were performed to study the electrochemical behavior of Sn and 
Sn based alloys. All the electrochemical measurements were carried out inside of an argon filled 
glove box with water and Oxygen contents below 2 ppm using a PARSTAT 2263 
potentiostat/galvanostat controlled by PowerCV and PowerStep software. 
3.9.2 SEM and EDX 
The Scanning electron microscope (SEM) is one of the electron microscope types that produces 
an image of the surface of solid samples via scanning with a high energy beam of electrons.  
The beam is interacting with the atoms of the samples and thus produces various signals which 
contain different information about the surface topography and composition.   
In a typical SEM, an electron beam, with electron’s energy up to 50 keV is emitted by heating a 
pin-shaped metallic cathode and accelerated by applying a high voltage between sample and 
cathode. The cathode is usually made of a metal with a high melting point and a low vapor 
pressure such as tungsten (figure 3.8). 
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The electron beam is focused by condenser lenses into a spot of 2 nm to 10 nm in diameter and 
passes through pairs of scanning coils or pairs of deflector plates in the electron column, typically 
in the final lens, which deflects the beam in the x and y axes so that it scans in a scanning fashion.  
When the primary electron beam interacts with the sample, the electrons lose energy by repeated 
random scattering and absorption within a teardrop-shaped volume of the specimen known as the 
interaction volume, therefore a series of elastic and inelastic interactions with the atoms of the 
sample results (figure 3.9).  
Backscattered electrons are produced in the case of elastic interaction with the nucleus of the 
atoms while the inelastic interactions produced different signals depending on the part where the 
interaction takes place. The interaction with electrons induce secondary electron emission while 
the inelastic interaction with nuclei of the atoms induce the generation of Bremsstrahlung and 
may lead to ionization processes, which cause the generation of the characteristic X-rays. On the 
other hand, interactions of the primary electrons with the sample electrons may induce Auger 
electron emissions. Each of the backscattered and secondary electrons can be detected by 
specialized detectors. Figure 3.9 summaries the different types of emissions. The beam current 
absorbed by the specimen is corresponding to topography of the scan point (raster scan) and the 
sequence of the signals is used to give an image of the surface. Electronic amplifiers of various 
types are used to amplify the signals, which are displayed as variations in brightness on a 
computer monitor or on a cathode ray tube (in old versions). 
In older microscopes images may be captured by photography from a high-resolution cathode ray 
tube, but in modern machines the image is saved to a computer data storage hard disc.   
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The backscattered electron signal intensity is strongly related to the atomic number of elements 
(intensity increase with increasing atomic number), thus backscattered electrons are used to 
detect contrast between areas with different chemical compositions and hence element 
distribution in the sample can be shown in the image.  
The characteristic X-rays are used for qualitative elemental analysis of the samples. When a high-
energy beam is focused into the sample it may excite an electron in an inner shell, emitting it 
from the shell while creating an electron hole where the electron was. Another electron from the 
higher-energy level shell fills the hole and an energy difference between the higher energy shell 
and the lower energy shell is created which may be released in the form of X-rays.  
 
Fig.  3.8. Schematic view of the scanning electron microscope (source: http://www.purdue.edu/ehps/rem/rs/sem.htm 
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As the energy of the X-rays are characteristic for the difference in energy between the two shells, 
and for the atomic structure of the element from which they were emitted, this allows the 
elemental composition of the specimen to be measured. The X-ray spectrometer (EDX) which 
consists of a X-ray detector and a pulse processor with analyzer is able to measure the number 
and energy of the X-ray emitted from the sample. Figure 3.10 shows a graphical presentation of 
the EDX principle. 
Therefore, SEM and EDX give useful information about the topography and morphology of the 
surface in addition to elemental composition of the investigated sample. 
In this study, SEM and EDX were used for the analysis of the electrodeposited tin and tin based 
alloys. Before analysis, the working electrodes were removed from the electrochemical cell, 
washed with isopropanol to get rid of any ionic liquid residue and then finally dried and kept 
inside the glove box till they were given for analysis. 
A high resolution field emission scanning electron microscope from Carl Zeiss (DSM 982 
Gemini) was used for SEM and EDX analysis in this study. 
 
Fig.  3.9. Interaction of the primary electron beam with the surface of the sample 
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3.9.3 X-Ray Diffraction (XRD) [197] 
 
XRD is one of the most important techniques for solid material characterization where it is used 
for the determination of crystallographic structure of materials.  
In such systems, electrons are emitted from a cathode and accelerated through a strong electric 
field of ~50 kV. Having reached a high speed, the electrons collide with a metal plate, emitting 
Bremsstrahlung (low intensity) as background when the bombarding electrons interact with the 
nucleus of the atoms while high intensity characteristic X-rays are emitted when the electrons 
collide with electrons of the inner shells of the atoms. This collision emits electrons from the 
inner shell and hence, electrons of higher energy fill the vacancies of the emitted electron and the 
excess energy is emitted as X-ray photons which is characteristic for this material.  
During the measurement, a monochromatic beam illuminates the sample that has been set on the 
stage producing diffraction pattern. Figure 3.11 shows the reflection of X-rays in lattice planes. 
 
Fig.  3.10. Schematic diagram explaining the principle of EDX 
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Bragg’s law : 
nλ= 2d sin θ 
where n is integer number, λ is the wavelength of X-ray, d is the distance between two adjacent 
lattice planes and θ is the diffraction peak angle. 
The peaks of an XRD pattern can also be used for the average crystal size determination using 
Scherrer’s equation [197].  
D=0.9λ/β cos θ 
Where D is the crystallite size, λ is the radiation wavelength, θ is the diffraction peak angle and β 
is the line width at half peak intensity, that can be calculated using the following formula 
β2 = βm
2
 - βs
2
 
where βm and βs are measured widths, at half maximum, of the diffraction lines from the sample 
and the standard, respectively. 
Therefore, the crystal structure of the deposits from different ionic liquids on copper and Au 
(111) substrates were examined by X-ray diffraction analysis using a PANalytical Empyrean 
Diffractometer (Cabinet No. 9430 060 03002) with CuKα radiation. 
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3.9.4 IR spectroscopy 
In this thesis IR spectroscopy was employed to investigate the differences in the complexation of 
SnCl2 in three different ILs. The IR spectra were recorded on a vacuum FTIR spectrometer 
(VERTEX 70V from Bruker Optics GmbH, Ettlingen, Germany) in the institute of inorganic 
chemistry of Tu-Clausthal university.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  3.11. Schematic scetch showing the reflection of the X-rays in lattice planes. 
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4 Results and discussion 
4.1 Electrodeposition of tin nanowires [198] 
 
The cyclic voltammograms of 0.1 M SnCl2/[EMIm]DCA and of 0.1 M SnCl2/[Py1,4]DCA on gold 
and on copper sputtered membranes are shown in Figures 4.1.1 and 4.1.2, respectively. In the 
case of the Cu-sputtered membrane, the potential was scanned from the open circuit potential 
(OCP) till -0.5 V vs. Sn quasi ref. in the cathodic direction then up to only +0.1 V in the reverse 
scan to avoid the anodic dissolution of copper, and finally back to OCP. 
In the case of a gold sputtered membrane the electrode potential was scanned from the open 
circuit potential (OCP) till -0.5 V in the cathodic direction, then up to +0.5 V in the reverse scan, 
and then finally back to OCP. The scan rate for all experiments was 10 mV/sec. 
Fig. 4.1.1 shows that the cyclic voltammogram of 0.1 M SnCl2/[EMIm]DCA on the gold 
sputtered template shows two reduction processes (C1, C2), while only one clear reduction 
process (C2) was observed in the case of the copper sputtered membrane. The reduction process 
(C1) might be correlated to surface alloying processes and underpotential deposition, 
respectively. The second peak (C2) is due to the bulk deposition of Sn. In the case of 0.1 M 
SnCl2/[Py1,4]DCA, the cyclic voltammogram (Fig. 4.1.2) shows another reduction process (C*) at 
about -0.1 V both on gold and copper sputtered membranes which, however, is difficult to 
allocate to a process. Four anodic peaks (A1, A2, A3, A4) appear in the backward scan on the 
gold sputtered membrane, Fig. 4.1.1. The peaks A1 and A2 are correlated with the stripping of 
the electrodeposited tin and the other peaks A3 and A4 might be due to dealloying process. 
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Fig.  4.1.1 Cyclic voltammograms of Sn deposition on Au-sputtered and Cu sputtered 
membranes in 0.1 M SnCl2/[EMIm]DCA at 25 °C at a scan rate of 10 mV s
−1
 
 
Fig.  4.1.2. Cyclic voltammograms of Sn deposition on Au-sputtered (black) and Cu sputtered (red) 
membranes in 0.1 M SnCl2/[Py1,4]DCA at 25 ° C at a scan rate of 10 mV s
−1
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According to the equilibrium phase diagram, the Au-Sn system represents one of the more 
complicated and intriguing binary systems due to the existence of four different stable 
intermetallic compounds (see appendix).  
Tin and gold atoms have almost the same atomic radius of approximately 0.16 nm, which allows 
their substitution [199]. Therefore, several surface alloys appear plausible. Thermodynamic 
measurements show that this compound has very strong bonds which is consistent with CV data. 
Sn atoms have a smaller surface free energy which led to the segregation of Sn to the surface of 
the alloy and create a Sn-rich surface layer that can be oxidized in the presence of any small 
amount of O2. However this is not valid in ionic liquids  [199–201]. 
In order to shed more light on these peaks, cyclic voltammetry of 0.1M SnCl2/[EMIm]DCA on 
the Au substrate was performed at different switching potentials as shown in Figure 4.1.3.  
When the switching potentials were -0.5 V and +0.5 V, the reduction peak C1 and also the four 
anodic peaks A1, A2, A3 and A4 were observed (fig. 4.1.3 black curve). The green curve of Fig. 
4.1.3 shows the CV with applied switching potentials −0.15 V and +0.5 V, where the bulk 
deposition of Sn starts, the reduction peak C1 was observed, and also the other four anodic peaks 
A1, A2, A3, and A4 appeared. 
By reducing the potential range to be between -0.03 V and +0.5 V (fig. 4.1.3 red curve) where Sn 
deposition has just not started, the reduction peak C1 appeared while the anodic peaks A1, A2 
and A3 were not present and only the anodic process A4 was recorded as quite a broad peak, 
which clearly indicates that the anodic peaks A1, A2 and A3 are related to the oxidation of 
deposited bulk Sn. The cyclic voltammogram with switching potentials between +0.1 V and +0.5 
V (fig. 4.1.3 blue curve) shows no Faradaic cathodic/anodic process confirming that the peak A4 
must be due to dealloying/stripping of Sn considering that C1 is due to the alloying of Sn with Au 
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or due to an underpotential deposition process. A detailed answer would require an in situ STM 
experiment, which, for time reasons, could not be done in the framework of the present thesis. 
In order to synthesize Sn nanowire films, constant potential and pulsed deposition experiments 
were performed. However, the sputtered layer on the membrane (gold or copper) was not thick 
enough to keep the nanowire arrays free standing. As a consequence, after removing of the 
template by dissolution in dichloromethane, rather a tiny fine powder of nanowires was obtained. 
Therefore, in order to keep the electrodeposited nanowires free standing, a thicker deposit was 
formed on the sputtered layer to serve as a supporting layer for the nanowires. As shown in [202], 
for the case of aluminum, strongly adherent free standing nanowire arrays can be obtained on an 
electrodeposited supporting layer of Al. Consequently, the same electrodeposition routine was 
employed for the synthesis of free standing Sn nanowires on either electrodeposited Sn or Cu 
supporting layers. 
For Sn deposition in [EMIm]DCA the deposited bulk layer on the sputtered surface forms 
dendrites on both the Cu- and the Au-sputtered membrane, Figure 4.1.4.a shows the SEM 
micrograph for Sn deposition on a Au sputtered membrane at -0.2 V for 1 hour. This dendritic 
structure was also obtained by pulsed deposition at -0.3V for 2 hours (1 second on and 4 seconds 
off), Fig. 4.1.4b. Such dendritic structures cannot serve as a supporting layer for the growth of the 
nanowires as they are too brittle, completely collapsing during the dissolution of the membrane in 
dichloromethane as evidenced in figure 4.1.4.c. The deposition of Sn from [Py1,4]DCA leads to a 
completely different, porous structure; figure 4.1.5a, b shows the grown nanowires through the 
template on the bulk porous Sn layer that was deposited on the Au sputtered surface.  
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The top view of the sample after removing of the template by chemical dissolution in 
dichloromethane is shown in figure 4.1.5c where vertical Sn nanowires have bunched together. A 
higher magnification SEM micrograph presented in Fig. 4.1.5d shows the good adhesion of the 
nanowires to the supporting Sn layer. However the porous structure of the electrodeposited Sn 
supporting layer makes it quite brittle and sensitive to a certain damage. 
Due to this complication, a thicker supporting layer of copper was alternatively deposited on the 
Cu sputtered membrane side from 1M CuCl/[EMIm]DCA.  
 
Fig.  4.1.3. Cyclic voltammograms of Sn deposition on gold substrates in 0.1 M 
SnCl2/[EMIm]DCA at different switching potentials, 25 °C and scan rate of 10 mV s
−1
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As copper is used as anode current collector in Li ion batteries [203], the direct deposition of Sn 
nanowires on an electrodeposited Cu supporting layer might overcome the capacity fading that 
usually results from the bad connection between an anode material and the current collector. 
 
 
 
 
 
Fig.  4.1.4. SEM micrographs of bulk Sn deposition in 0.1 M SnCl2/[EMIm]DCA. (a) Constant 
potential deposition on Au-sputtered membrane at -0.2 V for 1 h. (b) Pulsed potentiostatic 
deposition at -0.3 V for 2 h (1 s on and 4 s off). (c) After removing the template 
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For this purpose, the electrochemical deposition process was done in two steps; in the first step 
Sn was deposited from 0.1 M SnCl2/[EMIm]DCA at -0.5 V for 30 min., through the non-
sputtered side of the template while the sputtered side was completely isolated from the 
deposition electrolyte by Teflon tape. Thus, Sn nanowires grow through the membrane. In the 
second step the template was carefully removed from the ionic liquid as described above, rinsed 
with high purity isopropanol to remove the electrolyte residues, dried, and finally the side with 
the nanowires was isolated using Teflon tape so that only the Cu sputtered surface was in contact 
with the solution. 
Fig.  4.1.5. SEM micrographs of a Sn deposit in 0.1M SnCl2/[Py1,4]DCA by pulsed galvanostatic 
deposition at -2 mA for 2 h (1 s on and 4 s off). (a) Top view of bulk Sn obtained on the 
sputtered side. (b) Grown nanowires through the template. (c, d) Top view of Sn nanowires. 
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The thickness of such a deposited Cu layer can be controlled by several parameters including the 
concentration of the copper salt, the applied potential and the time of deposition. Figure 4.1.6 
shows the cross section of the Cu layer that was potentiostatically deposited on a Cu sputtered 
membrane at -0.7V for 2 hours. As seen, the thickness of the deposited Cu layer is more than 20 
µm with a dense and compact structure that makes it a suitable supporting layer for free standing 
Sn nanowires. 
 
 
 
 
 
 
 
The top view SEM micrograph of the vertically aligned Sn nanowires that were deposited at -
0.5V for 30 min from 0.1M SnCl2/[EMIm]DCA is depicted in figure 4.1.7. The nanowires are -
more or less - vertically aligned on the Cu layer and bunched together. The length of the 
individual Sn nanowires ranges from 5 to 8 µm and is affected by the time of deposition, with the 
expected diameter from 90 to 120 nm.  
 
Figu. 4.1.6. Cross section of a Cu layer deposited potentiostatically at -0.7 V for 2 h from 1 M 
CuCl/[EMIm]DCA on a Cu-sputtered template 
 
20µm
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Figure 4.1.8 shows the SEM micrograph of the Sn nanowires electrodeposited from 0.1M   
SnCl2/[EMIm]DCA at -0.5V for 10 min on an electrodeposited Cu layer. 
As can be seen, free standing nanowire arrays are obtained on an electrochemically deposited Cu 
supporting layer, showing that such structures on electrodeposited Cu are feasible and of 
potential interest for the application as anodes in Li ion batteries. 
Fig.  4.1.8. SEM micrographs of the Sn nanowires at different magnifications that were electrodeposited 
potentiostatically from 0.1 M SnCl2/[EMIm]DCA at -0.5 V for 10 min on an electrodeposited Cu layer 
Fig. 4.1.7. SEM micrographs of Sn nanowires at different magnifications obtained potentiostatically 
in 0.1 M SnCl2/[EMIm]DCA at a potential of -0.5 V versus Sn for 30 min on Cu sputtered membrane. 
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4.2 Effect of the ionic liquid anion on the deposition morphology [204] 
This part of the present thesis deals with the influence of the ionic liquid anion on the 
morphology of the tin deposits through a comparative study on the electrodeposition of tin from 
two different Ionic Liquids.  
The electrodeposition of tin from two ionic liquids (ILs) containing the 1-butyl-1-
methylpyrrolidinium cation ([Py1,4]
+
) and the trifluoromethylsulfonate (TfO
−
) or dicyanamide 
(DCA
−
) anion is investigated by cyclic voltammetry, scanning electron microscopy (SEM), 
infrared (IR) spectroscopy and X-ray diffraction. Cyclic voltammetry is employed to evaluate the 
electrochemical behavior of SnCl2 in the two ILs, and IR spectroscopy is used to study the 
difference in the complexation of SnCl2 in the two ILs. The electrodeposition of tin is also studied 
in 1-ethyl-3-methylimidazolium dicyanamide ([EMIm]DCA) for the purpose of comparison. 
Gold and copper electrodes were employed to investigate the electrochemical behavior of SnCl2 
and the morphology of the tin deposits. 
The morphology of the electrodeposited tin from the different ILs is investigated by SEM, which 
shows that the morphology of the tin deposits changes upon changing the IL. Agglomerated tin 
deposits are obtained on gold and copper from [Py1,4]TfO. Tin dendrites were obtained both from 
[Py1,4]DCA and [EMIm]DCA as will be shown in the SEM micrographs.  
A comparison of two cyclic voltammograms on gold from 0.05 M SnCl2/[Py1,4]TfO and 0.05 M 
SnCl2/[Py1,4]DCA is shown in figure 4.2.1. The electrode potential was scanned initially from the 
open circuit potential in the negative direction at a scan rate of 10 mVs
-1
. 
The cyclic voltammogram of 0.05 M SnCl2/[Py1,4]TfO on gold exhibits four reduction 
peaks/waves in the forward scan and four oxidation processes in the backward scan. The 
reduction peak at C4 is attributed to the bulk deposition of tin. The reduction process at C1 might 
be an adsorption process of the ionic liquid on gold. The reduction processes C2 and C3 are 
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discussed below. In contrast, the CV of 0.05 M SnCl2/[Py1,4]DCA on gold shows three reduction 
peaks in the forward scan. The reduction process at C3 is due to the bulk deposition of tin on 
gold. Four oxidation peaks (A1, A2, A3, and A4) were clearly observed in the backward scan of 
the CV on gold for both ionic liquids. The peaks at A4 and A3 are correlated with the stripping of 
the electrodeposited tin. The other two peaks at A2 and A1 seem to be associated with C2 and 
C1, respectively.  
 
 
 
 
 
 
 
 
 
In order to get a deeper insight into the complicated electrochemical behavior of SnCl2 in 
[Py1,4]TfO on gold, CVs were recorded at two different switching potentials and the 
corresponding voltammograms are compared in figure 4.2.2. It was observed that only one 
reduction peak (C2) and its corresponding counterparts A1 (seen as a shoulder) and A2 are 
obtained when the scan is switched at -0.1 V.  Two reduction peaks (C2 & C3) and their 
Fig.  4.2.1. CVs of 0.05 M SnCl2 in [Py1,4]TfO (black) (between the vertex potentials -0.85 and +0.5 
V) and [Py1,4]DCA (red) (between the vertex potentials -0.5 and +0.5 V) on microcrystalline gold 
electrodes at room temperature. Scan rate:10 mVs
-1
. 
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corresponding oxidation peaks A1, A2, A3 and A3
I
, respectively, were observed when the scan 
was switched at -0.4 V. It is evident from figure 4.2.2 that the oxidation peaks at A3 and A4 in 
figure 4.2.1 can thus be related to the reduction peaks at C3 and C4, respectively. 
 
 
 
 
 
 
 
 
 
To understand the complicated reduction processes of SnCl2 in [Py1,4]DCA better, CVs were 
recorded at various switching potentials, too. Figure 4.2.3 shows the CVs at three different 
anodic/cathodic switching potentials. When the applied switching potentials were chosen 
between - 0.1 V and + 0.65 V, three reduction peaks (C1, C2, and C3) and also three oxidation 
peaks A1, A2, and A3 were observed. Upon decreasing the range of the applied switching 
potentials to - 0.03V and + 0.6V, two reduction peaks (C1 and C2) were clearly seen and the 
anodic peaks A2 and A3 disappeared, with only one single wide oxidation process at A1. Upon 
further decreasing the range of the applied switching potentials to + 0.1 V and + 0.5 V, only one 
Fig.  4.2.2. CVs of 0.05 M SnCl2 in [Py1,4]TfO on gold at two different switching potentials 
(SWPs) at room temperature. Scan rate: 10 mVs
-1
. 
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slight reduction process (C1) and no clear anodic process were recorded. This indicates that the 
anodic peaks A2 and A3 are related to the deposition of tin at C3.  
 
 
 
 
 
 
 
 
 
To analyse further the behavior of SnCl2/[Py1,4]TfO, potentiostatic electrolysis with 0.1 M SnCl2 
in [Py1,4]TfO was carried out at C2 and at C3 for 1 hour on gold at RT. Neither any macroscopic 
deposit nor a visual colour change on the gold surface was observed after electrolyzing the 
solutions at C2. Therefore, this reduction process is presumably due to an underpotential 
deposition process (upd). However, electrolysis at C3 yielded a silver grey mirror-like finish on 
the gold surface from both of the solutions. The samples were thoroughly washed and analysed 
by XRD. The XRD analysis reveals the formation of AuSn alloys and the corresponding 
diffractograms are shown in figure 4.2.4. 
Fig.  4.2.3. CVs of 0.05 M SnCl2 in [Py1,4]DCA on gold at various switching potentials at 
room temperature. Scan rate: 10 mVs
-1
. 
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A clear peak is observed at 40.6° that corresponds to AuSn(102), as well as other representative 
peaks of AuSn (JCPDS No. 08-0463) are observed in both of the diffractograms. Furthermore, 
quite a low intensity peak is observed at ~ 32.4° that belongs to the AuSn2(122) plane (JCPDS 
No. 28-0440). Thus, from the cyclic voltammetry and electrolysis results, the reduction peaks (C2 
and C3) are indeed related to surface reduction processes and alloying. 
In order to obtain information on the morphology of the tin deposits, a controlled-potential 
electrolysis was carried out on gold from 0.05 M SnCl2/[Py1,4]TfO and from 0.05 M 
SnCl2/[Py1,4]DCA at -0.7 V and at -0.1 V, respectively, for one hour at RT. The samples were 
washed in dichloromethane followed by acetone and dried inside of the glove-box to avoid 
oxidation of the deposits. The corresponding SEM images are shown in figures 4.2.5a and 4.2.5b. 
It can be seen in figure 4.2.5a that a tin deposit with particles is obtained from 0.05 M 
Fig.  4.2.4. XRD of gold/tin after electrolysis at -0.2 V from SnCl2/[Py1,4]TfO at room temperature. The 
bold vertical lines and stars indicate diffraction patterns due to the gold substrate. 
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SnCl2/[Py1,4]TfO on gold whereas rather spiral tin dendrites were achieved from 
SnCl2/[Py1,4]DCA.  
 
These results suggest that, at the very least, the anion has an influence on the deposition which 
can be due to different SnCl2 complexes or to different interfacial processes. Thus, to better 
understand, the behavior of SnCl2 in ILs was investigated using IR spectroscopy.  
Figure 4.2.6a represents the mid-IR spectra of SnCl2/[Py1,4]TfO with reference to the neat ionic 
liquid. The spectrum of the pure [Py1,4]TfO (black line, Figure 4.2.6a) shows peaks of [Py1,4]
+
 in 
the range between 2700 and 3100 cm
-1
 and TfO
− 
species in the range between 500 and 1500 cm
-1 
[205]. Upon addition of SnCl2 to the ionic liquid, a slight decrease in the peak intensities at 516, 
572, 635, 1028, 1223 and 1254 cm
-1
 was observed. No additional peaks are observed in the mid-
IR region. In the far-IR region, the peaks around 350, 320 and 209 cm
-1
 correspond to the 
vibration modes of the TfO
−
 anion. Upon addition of SnCl2 (Figure 4.2.6b), two new peaks at 265 
and 296 cm
-1
 were observed in the far-IR spectrum, and all TfO
−
 peaks decreased in intensity. 
 
 
Fig.  4.2.5. Microstructure of the tin deposits obtained from 0.05 M SnCl2 in (a) [Py1,4]TfO and (b) 
[Py1,4]DCA on gold at room temperature. 
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Fig.  4.2.6a. mid-IR spectra of SnCl2/[Py1,4]TfO and neat [Py1,4]TfO  
δ = group angle deformation, ν= bond stretch, s =totally symmetric and as= asymmetric  
 
Fig.  4.2.6b. far-IR spectra of SnCl2/[Py1,4]TfO and neat [Py1,4]TfO 
δ = group angle deformation, ρ= group, rock, ν= bond stretch and s =totally symmetric  
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The Sn-Cl stretching occurs approximately between 330 and 354 cm
-1
. It has been shown that 
there is a negative shift in the Sn-Cl band stretching frequencies upon complexation [206]. 
Therefore, the two new peaks at 265 and 296 cm
-1
 might correspond to a complex formation 
between the SnCl2 and [CF3SO3]
−
 and [Py1,4]
+ 
species [205]. A similar type of decrease in 
intensity and formation of additional peaks in the mid-IR region was also observed in the 
TaCl5/[Py1,4]TfO system [207]. 
Figure 4.2.7a compares the mid-IR spectra of [Py1,4]DCA and SnCl2/[Py1,4]DCA. Prominent IR 
peaks of both [Py1,4]
+
 and DCA anion are observed for the pure ionic liquid. The dicyanamide ion 
peaks were assigned on the basis of lead dicyanamide reported in literature [208]. After addition 
of SnCl2 to the ionic liquid, no changes in the spectra especially between 2000 and 2300 cm
-1
 are 
observed which suggests that tin(II) dicyanamide has not formed. However, in the far-IR spectra 
two new peaks at 254 and 291 cm
-1
 are evident (Figure 4.2.7b). As the Sn-Cl stretching arises 
between 330 and 350 cm
-1
, the shift to lower wavenumbers can be assigned to the complex 
species formed between SnCl2 and [Py1,4]DCA. By comparing figure 4.2.7b with figure 4.2.6b, it 
is evident that there is a shift in the peak positions for the Sn-Cl complex species, indicating the 
formation of different complex species in the DCA
−
 and TfO
−
 ionic liquids. A comprehensive 
analysis of the IR spectra is, however, beyond the scope of the present thesis. 
Therefore, from IR spectroscopy, it can be concluded that the complex species of SnCl2 formed 
are different in the two different ILs containing the same cation. These SnCl2 species might 
influence the kinetics of the deposition and thus partially contribute to suppress the rate of tin 
deposition in the case of SnCl2/[Py1,4]TfO to obtain dendrite free tin deposits. Furthermore, the 
interfacial behavior of both liquids must be different and could also be an influencing factor for 
the deposition of Sn. It is an open question at this point, what the exact species are in the bulk and 
at the interface and how the Sn deposition is influenced by the species. 
 
 
65 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  4.2.7a. Mid-IR spectra SnCl2/[Py1,4]DCA (red) and neat [Py1,4]DCA (black) 
δ = group angle deformation, γ= out of –plane vibration, ν= bond stretch and s =totally symmetric, as= asymmetric  
 
Fig.  4.2.7b. Far-IR spectra of SnCl2/[Py1,4]DCA (red) and neat [Py1,4]DCA (black) 
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Since tin films on copper are possibly suitable candidates as an anode host material in Li-ion 
batteries, it is interesting to study tin deposition on copper from the employed ionic liquids, too. 
Thus, electrochemical experiments on copper from the mentioned ionic liquids were carried out. 
A comparison of two cyclic voltammograms of 0.05 M SnCl2/[Py1,4]TfO and 0.05 M 
SnCl2/[Py1,4]DCA on copper is given in Figure 4.2.8. 
The voltammograms were recorded by sweeping the electrode potential in the negative direction 
from the OCP at a scan rate of 10 mVs
-1
. Here, three reduction processes C1 to C3 were observed 
in the forward scan on copper from 0.05 M SnCl2/[Py1,4]TfO and one reduction peak C1 in  0.05 
M SnCl2/[Py1,4]DCA, respectively. In both CVs several oxidation processes were observed. The 
processes at C3 and C1 are due to the bulk deposition of tin from [Py1,4]TfO and [Py1,4]DCA, 
respectively. The reduction waves at C1 and C2 in the case of SnCl2/[Py1,4]TfO might be due to 
under potential deposition (upd) of tin and alloying of tin with copper, respectively. According to 
literature data, various copper-tin alloys can exist such as Cu6Sn, Cu3Sn, and Cu4Sn. The anodic 
peaks A3 and A2 in the CV of SnCl2/[Py1,4]TfO must be due to the stripping of Sn and the 
shoulder at A1 seems to be associated with the reduction process C1. 
 
 
 
 
 
 
 
67 
 
 
 
 
 
 
 
 
 
 
 
 
Constant-potential electrolysis was subsequently carried out on copper from 0.05 M 
SnCl2/[Py1,4]TfO and 0.05 M SnCl2/[Py1,4]DCA at -0.75 V and at -0.25 V for one hour at RT, 
respectively. The obtained deposits were washed in dichloromethane followed by acetone and 
dried inside the glove box to prevent oxidation of the deposits. The corresponding SEM images 
are shown in figures 4.2.9a and 4.2.9b. Similar to the deposition results on gold, tin crystals were 
obtained from 0.05 M SnCl2/[Py1,4]TfO (Figure 4.2.9a). However, rather a dendritic deposit was 
obtained from SnCl2/[Py1,4]DCA (Figure 4.2.9b) as well as rods, as can be seen in the inset of 
figure 4.2.9b. 
 
 
Fig.  4.2.8. CVs of 0.05 M SnCl2/[Py1,4]TfO and 0.05 M SnCl2/[Py1,4]DCA on copper at room 
temperature. Scan rate: 10 mVs
-1
. 
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For the sake of comparison, electrochemical studies were also carried out for 0.05 M 
SnCl2/[EMIm]DCA on gold and copper under similar experimental conditions as described 
above. Two cyclic voltammograms on gold and on copper from 0.05M SnCl2 in [EMIm]DCA are 
shown in figure 4.2.10. The voltammograms were obtained by scanning the electrode potential 
first in the negative direction from OCP at 10 mVs
-1
 scan rate. 
Two reduction processes C1 and C2 were observed in the forward scan on gold from SnCl2 in 
[EMIm]DCA. In the backward scan of CV, four oxidation processes A1 to A4 were observed. 
The electrochemical behavior of SnCl2 in [EMIm]DCA is quite similar to that of [Py1,4]DCA 
except an increase in the current, likely due to the lower viscosity of [EMIm]DCA compared to 
the higher viscosity of [Py1,4]DCA. The bulk deposition of tin was observed at C2, and the 
reduction process C1 seems to be due to the adsorption of the ionic liquid on the working 
electrode or to a surface alloying/upd of tin with gold. Furthermore, the electrochemical behavior 
of SnCl2 in [EMIm]DCA on copper is quite similar to that of SnCl2 in [Py1,4]DCA. The reduction 
peak at C1 is attributed to the bulk deposition of tin on copper. 
Fig.  4.2.9. Microstructure of tin electrodeposits obtained on copper from a) [Py1,4]TfO and b) [Py1,4]DCA. 
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In this case vibrational spectroscopy of [EMIm]DCA and SnCl2/[EMIm]DCA were also 
performed for comparison purposes. The mid-IR spectra of [EMIm]DCA and 
SnCl2/[EMIm]DCA are shown in figure 4.2.11a. 
 
 
 
 
 
 
 
 
 
 
 
 
The pure ionic liquid shows prominent vibration modes of EMIm and DCA. After addition of 
SnCl2 to the ionic liquid, a decrease of intensity is evident. Furthermore, a shift in the γCH3 peak 
can be observed. In the far-IR spectra (Figure 4.2.11b), two medium intensity peaks were seen at 
246 and 287 cm
-1
 in SnCl2/[EMIm]DCA, indicating a formation of Sn-Cl complex species with 
the ionic liquid. Furthermore, the peak positions of SnCl2 complex species have shifted to lower 
wavenumbers upon varying the cation of the ionic liquid, i.e. 246 and 287 cm
-1
 for 
SnCl2/[EMIm]DCA (Figure 4.2.11b), and 254 and 291 cm
-1
 for SnCl2/[Py1,4]DCA (Figure 
4.2.7b). 
Fig.  4.2.10. CVs of 0.05 M SnCl2 in [EMIm]DCA on gold (black) and on copper (red) at room 
temperature. Scan rate: 10 mVs
-1
. 
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Figure  4.2.11a. mid-IR spectra of SnCl2/[EMIm]DCA (red) and neat [EMIm]DCA (black).  
γ= out of –plane vibration, ν= bond stretch and as= asymmetric  
 
Figure  4.2.11b. Far-IR spectra of SnCl2/[EMIm]DCA (red) and neat [EMIm]DCA (black). 
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This shift in the peaks appears to be due to the difference of cation species of the DCA ionic 
liquids. Thus, from the IR studies in figures 4.2.6, 4.2.7 and 4.2.11, it is evident that both cation 
and anion influence the complex formed between SnCl2 and the ionic liquid. 
Controlled-potential electrolysis was carried out to deposit tin either on gold (at -0.25 V) or on 
copper (at -0.25 V) from [EMIm]DCA. The washed deposits were analyzed using SEM. Figures 
4.2.12a and 4.2.12b show the SEM images of tin that was obtained on gold and on copper from 
[EMIm]DCA, respectively. The deposits on both of the substrates are similar to each other and to 
the deposit obtained from SnCl2/[Py1,4]DCA. 
The X-ray diffractograms of the tin deposits on copper and on gold from potentiostatic 
electrolysis are depicted in figure 4.2.13a and figure 4.2.13b from the three ionic liquids at RT, 
respectively. The tin deposits on gold from DCA liquids exhibit the characteristic diffraction 
peaks of tetragonal tin (JCPDS No: 04-0673). Furthermore, peaks are observed, which 
correspond to gold-tin alloys (AuSn, JCPDS No. 08-0463). In the case of tin on gold obtained 
from [Py1,4]TfO the deposit exhibits the characteristic peaks of tetragonal tin.  
Fig.  4.2.12. Microstructure of tin electrodeposits obtained from [EMIm]DCA on (a) gold and on (b)copper. 
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Figure  4.2.13a XRD of the tin deposits obtained on copper from [Py1,4]TfO,[Py1,4]DCA and 
[EMIm]DCA. The bold vertical lines indicate the diffraction peaks of copper 
Figure  4.2.13b XRD of the tin deposits obtained on gold from [Py1,4]TfO, [Py1,4]DCA and 
[EMIm]DCA. The bold vertical lines and stars represent the diffraction peaks of gold. 
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A surprising result is that the alloying seems to be suppressed in the case of TfO
−
, in comparison 
to ILs with DCA
−
. The deposits obtained on copper from [Py1,4]DCA and [EMIm]DCA show the 
characteristic diffraction peaks of tetragonal tin (JCPDS No. 04-0673) along with diffraction 
peaks of copper-tin alloys (Cu6Sn5 and Cu10Sn3). However, the diffractogram of tin on copper 
from [Py1,4]TfO also exhibits mostly the characteristic peaks of tin as in the case of tin deposit on 
gold from the same liquid. In direct comparison [Py1,4]TfO seems to suppress alloying of Sn with 
copper. 
4.3 Electrodeposition of ZnSn [209] 
Tin based alloys such as Zn-Sn, for example, can provide better corrosion protection than zinc 
alone or tin alone. Moreover, they can be regarded as promising anode host materials for lithium 
ion batteries. Traditionally, Zn-Sn deposits can be obtained from aqueous and organic 
electrolytes. Nevertheless, due to environmental concerns and hydrogen evolution of aqueous 
electrolytes, Ionic liquids have also been used as electrolytes. Sun et al. reported the deposition of 
Cu-Zn and Zn-Sn alloys from ZnCl2/1-ethyl-3-methylimidazolium chloride ionic liquids and of 
tin from 1-ethyl-3-methylimidazolium dicyanamide [91,181]. Abbott et al. reported the 
electrodeposition of Zn-Sn from urea and ethylene glycol/choline chloride based deep eutectic 
solvents [93]. Recently, Pereira et al. studied the electrodeposition of Zn-Sn from deep eutectic 
solvents containing Ethylenediaminetetraacetic acid (EDTA), 
(Hydroxyethyl)ethylenediaminetriacetic acid (HEDTA), and N-(2-
hydroxyethyl)ethylenediamine-N,N',N'-triacetic acid trisodium salt (Idranal VII) and described 
their effects on the voltammetric behavior of zinc and tin and on the resultant morphology [210]. 
In this part of the present thesis the electrodeposition of ZnSn films and of free standing nanowire 
arrays from the ionic liquid [Py1,4]TfO is reported. 
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The deposits obtained by electrodeposition on gold substrates were characterized by SEM-EDX 
and XRD. The effect of the deposition potential on the composition, phase structure and 
morphology of the deposits was also examined. Furthermore, free-standing Zn-Sn nanowires with 
different diameters and lengths were synthesized by template-assisted electrodeposition using 
polycarbonate membranes as templates. 
4.3.1 Electrodeposition of Zn, Sn and Zn-Sn films  
Fig. 4.3.1 shows the cyclic voltammograms of 0.05 M Zn(TfO)2/[Py1,4]TfO (Fig. 4.3.1a), 0.05 M 
Sn(TfO)2/[Py1,4]TfO (Fig. 4.3.1b) and 0.05 M Sn(TfO)2 + 0.05 M Zn(TfO)2 in [Py1,4]TfO (Fig. 
4.3.1.1c) on gold, respectively. In Fig. 4.3.1a, four reduction peaks were observed on the cathodic 
branch of the cyclic voltammogram. The peak c1 can be attributed to underpotential deposition of 
Zn. The peaks (c2 and c3) and their anodic counterparts (a2 and a3) can be correlated to the 
formation and stripping of Au-Zn alloys, respectively, while the peaks c4 and a4 are due to the 
bulk deposition and stripping of Zn, respectively.  
In order to confirm this assumption, a potential of -1.5 V vs. Pt was applied for 3h. The SEM and 
XRD characterization of that deposit is shown in Fig. 4.3.2. The SEM image shows the formation 
of a thin layer with some hexagonal particles on the surface, but no bulk deposits were found. 
The XRD results reveal that only AuZn3 alloy (JCPDS File No.50-1336) was formed and no 
diffraction peak belonging to Zn can be found (Fig. 4.3.2b). The electrochemical behavior of 0.05 
M Sn(TfO)2/[Py1,4]TfO is shown in Fig. 4.3.1b. The reduction peaks c1 and c2 are due to the 
deposition of Au-Sn alloy and of bulk Sn, respectively. The anodic peaks a2 and a2* recorded on 
the reverse scan are attributed to the stripping of Sn and a1 is related to stripping of the Au-Sn 
alloy. While in the case of 0.05 M Sn(TfO)2 + 0.05 M Zn(TfO)2 in [Py1,4]TfO (Fig. 4.3.1c) the 
peaks c1 and c2 are due to the deposition of the Au-Sn alloy and of bulk Sn, respectively, the 
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peak c3 can be related to the codeposition of Zn/Sn. In the anodic regime, the peaks a3 and a3* 
are related to the stripping of Zn/Sn. The anodic peaks a2 and a1 are attributed to the stripping of 
Sn and of the Au-Sn alloy. This explanation is further supported by the SEM and XRD results as 
will be shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  4.3.1. Cyclic voltammograms of (a) 0.05 M Zn(TfO)2, (b) 0.05 M Sn(TfO)2 and (c) 0.05 M 
Zn(TfO)2+0.05 M Sn(TfO)2 in [Py1,4]TfO recorded on gold at room temperature. Scan rate: 10 mV s
–1
. 
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The Zn, Sn and Zn-Sn films obtained at different potentials were investigated by SEM and the 
results are shown in Fig. 4.3.3. Visually, the Zn deposits are dark black and the Sn deposits 
appear silverish, well adhering to the gold substrate. The Zn-Sn deposits appear rather gray. The 
Zn deposit obtained from 0.05 M Zn(TfO)2/[Py1,4]TfO is nanocrystalline, whereas a 
microcrystalline Zn deposit was obtained from [EMIm]TfO [209]. The difference in grain size 
can be explained with a different surface adsorption of the cations ([Py1,4]
+
 and [EMIm]
+
) on the 
substrate [190].  
In Fig. 4.3.3b, the Sn deposit shows grains of ~300-400 nm in size. Fig. 4.3.3c-e shows, on the 
same scale, SEM micrographs of Zn-Sn on gold substrates made potentiostatically at potentials of 
-2.0, -2.25, and -2.5 V (vs. Pt), respectively, for 2 h. The Zn-Sn codeposit in Fig. 4.3.3c appears 
to be a mixture of Zn and Sn particles. The morphologies tend to be mossy or spongy upon 
further decreasing the deposition potential (Fig. 4.3.3d and e). 
 
 
Fig.  4.3.2. The SEM (a) and XRD (b) characterization of the Zn deposits obtained by potentiostatic 
electrodeposition at -1.5 V vs. Pt for 3 h from 0.05 M Zn(TfO)2/[Py1,4]TfO  
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Fig. 4.3.4 shows the XRD patterns of Zn, Sn and Zn-Sn films (the morphologies are shown in 
Fig. 4.3.3a, b and c) on gold substrates, respectively. Several distinct diffraction peaks at 2θ = 
30.6
o
, 32
o
, 43.8
o
 and 44.8
o 
are obtained which agree well with the (200), (101), (2 2 0) and (211) 
diffraction patterns of cubic Sn (JCPDS No. 04-0673) (Fig. 4.3.4a, top).  
 
 
Fig.  4.3.3. SEM images of Zn, Sn and Zn-Sn films obtained by potentiostatic electrodeposition 
at different potentials and EDX analysis of Zn-Sn films obtained at a potential of -2.0 V vs. Pt. 
 
 
78 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The characteristic diffraction peaks of Zn (JCPDS File No. 04-0831) and of AuZn3 (JCPDS File 
No.50-1336) (as shown in Fig. 4.3.4b, middle) are shown for comparison. Fig. 4.3.4c, bottom, 
shows the XRD pattern of Zn-Sn films on gold, which shows both the diffraction peaks of Zn and 
of Sn without other diffraction peaks. The diffraction peak at 2θ = 34.2o marked as a star in the 
patterns is from gold. The results suggest that the Zn/Sn deposit is a simple mixture of tetragonal 
tin and of hexagonal close-packed zinc. This is consistent with the bulk phase diagram of Zn-Sn 
binary systems where tin and zinc do not form a metallic compound. 
 
 
 
 
 
Fig.  4.3.4. XRD patterns of the electrodeposited Zn (black), Sn (red), and Zn-Sn (blue) films (the 
morphologies of the films are shown in Fig. 4.3.3a, 4.3.3b and 4.3.3c), respectively. 
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4.3.2 Electrosynthesis of biphasic Zn-Sn nanowires 
 
Free standing Zn-Sn nanowires are potential candidates as an anode material in Li-ion batteries 
due to their high surface area and their good electron conductivity. Therefore, it was attempted to 
synthesize vertically aligned arrays of Zn-Sn nanowires by the help of PC membranes from 
Sn(TfO)2+Zn(TfO)2 in [Py1,4]TfO. First, the nanowires were prepared from 0.05 M Sn(TfO)2 + 
0.05 M Zn(TfO)2/[Py1,4]TfO with the membranes having pore sizes of 100 nm. SEM micrographs 
of such Zn-Sn nanowires obtained potentiostatically at -2.25 V vs. Pt for 10 h on a Au-sputtered 
membrane are shown in Fig. 4.3.5a and b. The top view of the nanowires (Fig. 4.3.5a) shows that 
they have a length of about 5 µm and a diameter of about 100 nm. A higher magnification view 
of the nanowires is shown in Fig. 4.3.5b. The nanowires rather seem to consist of Zn and Sn 
particles. The XRD pattern, as indicated in Fig. 4.3.5f, shows the presence of both Zn and Sn in 
the nanowires. Compared with the homogenous free standing Cu-Zn nanowires where α–Cu(Zn) 
alloys are formed, the mechanical strength of the Zn-Sn nanowires is weaker and they are rather 
brittle, thus, the nanowires are not free standing. By increasing the pore size of the membrane to 
200 nm, free standing nanowires can be obtained at -2.25 V vs. Pt for 4 h. Fig. 4.3.5c shows a 
low magnification SEM image of the free standing nanowires. With a higher magnification, Fig. 
4.3.5d, rather free standing nanowires with a length of about 2 µm are evident.  
Fig. 4.3.6 shows free standing nanowires made by electrodeposition from 0.1 M Sn(TfO)2 + 0.1 
M Zn(TfO)2 in [Py1,4]TfO with a pore size of 200 nm at a potential of -2.3 V vs. Pt for 1 h.  
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Fig.  4.3.5. Zn-Sn nanowires obtained by deposition at -2.25 V vs. Pt from 0.05 M Zn(TfO)2 + 0.05 M 
Sn(TfO)2 in [Py1,4]TfO on sputtered gold with a membrane pore size of 100 nm (a and b) and of 200 
nm (c and d). EDX analysis of the nanowires (e) and XRD pattern of the nanowires (f). 
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Free standing nanowires with lengths of about 1-2 micrometers can be obtained (Fig. 4.3.6a and 
b). Some of the nanowires are bunched together and others are vertically aligned. By increasing 
the deposition time to 3 h, the length of the wires can reach more than 4 µm and the nanowires 
are then free standing (Fig. 4.3.6c and d). The nanowire arrays are dense and well adhering to the 
gold surface. Such structures are very interesting as an anode material in Li-ion batteries or 
maybe also for Zn-based batteries in the future. 
 
 
 
 
Fig.  4.3.6. SEM images of Zn-Sn nanowires obtained by deposition at -2.3 V vs. Pt from 0.1 M 
Zn(TfO)2 + 0.1 M Sn(TfO)2 in [Py1,4]TfO on sputtered gold with a membrane pore size of 200 nm 
for 1 h (a and b) and deposition for 3 h (c and d). 
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4.4 Electrodeposition of CuSn [211-214] 
 
Due to their strong structural integrity Cu-Sn intermetallic compounds have been proposed as 
alternative anode materials for lithium ion batteries [211,212], moreover these compounds are 
relatively cheap and environmentally friendly.  Therefore, in this part of the study macroporous 
and nanowire CuSn deposits were electrodeposited from the ionic liquid [EMIm]DCA by a 
template assisted processes. 
For obtaining macroporous structures, polystyrene (PS) spheres were used as templates over gold 
substrates, and CuSn films were electrodeposited within the interstitial voids of the template. In 
the case of nanowires, polycarbonate membranes, which are on one side sputtered with copper, 
were used as templates. The small area electrochemical cell (Fig. 3.2) is used in this study and 
platinum wire and ring were used as quasi reference and counter electrodes, respectively. 
4.4.1 Macroporous CuSn 
The PS spheres have been self-assembled into three-dimensional close-packed arrays on the gold 
surface. Fig. 4.4.1 shows the cyclic voltammograms of 0.05 M SnCl2, 0.25 M CuCl and 0.05 M 
SnCl2 + 0.25 M CuCl in [EMIm]DCA recorded on gold, respectively. The electrode potential was 
ramped down from the initial potential (open circuit potential) towards the negative regime at -
1.5V in the forward scan and then up to the positive direction at +0.5V in the backward scan with 
a scan rate of 10 mV s
-1
. The voltammogram of 0.05 M SnCl2 in [EMIm]DCA is shown in figure 
4.4.1a where two reduction peaks (C1 and C2) are found and four oxidation peaks (A1-A4) are 
shown in the anodic direction.   
The reduction process (C1) might be correlated to surface alloying processes or to underpotential 
deposition. The second peak (C2) is due to the bulk deposition of Sn. 
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The anodic peaks A1 and A2 are correlated with the stripping of the electrodeposited tin, and the 
other peaks A3 and A4 might be due to dealloying processes. A detailed study on a similar 
system has been discussed before (electrodeposition of tin nanowires) which revealed that the 
anodic peaks A1, A2, and A3 are related to the oxidation of deposited Sn and that the peak A4 
must be due to dealloying/stripping of Sn considering that C1 is due to the alloying of Sn with Au 
or due to an underpotential deposition process. 
Fig. 4.4.1b reveals the electrochemical behavior of 0.25 M CuCl in [EMIm]DCA. In the cathodic 
range two reduction peaks (C1 and C2) are observed. The first cathodic process at (C1) is 
attributed to the underpotential deposition of Cu or Au-Cu alloys, since the system starts with 
Cu(I) and there is no  reduction step from Cu(II) to Cu(I). The second reduction process (C2) is 
attributed to the bulk deposition of Cu. Correspondingly, in the anodic range two main oxidation 
Fig.  4.4.1. Cyclic voltammograms of (a) 0.05 M SnCl2, (b) 0.25 M CuCl and (c) 0.05 M SnCl2 + 
0.25 M CuCl in [EMIm]DCA recorded on PS- covered gold with scan rate 10 mV s
-1
. 
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peaks (A1 and A2) are observed which can be assigned to the stripping of the deposited Cu and 
Au-Cu dealloying, respectively.    
The CV of 0.05 M SnCl2 + 0.25 M CuCl in [EMIm]DCA is shown in figure 4.4.1c which exhibits 
three reduction peaks (C1-C3) and three oxidation peaks (A1-A3). The peak C1 is corresponding 
to the Au-Cu alloying while C2 is corresponding to the bulk electrodeposition of Cu and the peak 
C3 is corresponding to the codeposition of Cu-Sn. In the anodic regime, the peaks A1
* 
and A1 are 
related to the stripping of Cu-Sn deposits and the anodic peaks A2 and A3 are related to the 
stripping of Cu and Au-Cu alloy, respectively.  
After immersion of the electrode in the employed ionic liquid electrolyte for about 15 min, the PS 
template became almost transparent which indicates the complete infiltration of the liquid into the 
voids of the PS spheres. By running the potentiostatic deposition the nucleation occurs over all 
the active area and a uniform Cu-Sn film is formed. There are many factors which can affect the 
homogeneity of the macroprous structure such as electrolyte concentration, deposition potential 
and also the time of deposition [213]. Thus the deposition parameters should be perfectly 
controlled in order to get the optimum conditions for a well-ordered macroporous structure.  
Obtaining highly ordered macroporous structure through electrodeposition techniques is a 
difficult process where the alloying of the deposited element with the substrate makes it difficult 
to get an ordered macroporous structure. 
Figure 4.4.2 shows SEM images of the macroporous CuSn (after removal of the PS spheres with 
THF) obtained at a constant potential of -1.0V for 10 minutes at room temperature. Fig. 4.4.2a 
shows a well-covered CuSn porous surface with interconnected pores. A uniform periodicity 
underneath this top layer is clearly seen at higher magnification, (Fig. 4.4.2b). However the CuSn 
macroporous film also shows some disordered areas which might be due to defects in the PS 
template and/or due to uneven current densities inside the electrochemical cell.  
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Increasing the applied potential does -surprisingly- not lead to three dimensional macroporous 
structures. The polystyrene spheres can be pushed away forming less ordered honeycomb like 
structures (Figure 4.4.3a). Moreover, dendrites can be formed even at rather short deposition time 
(Fig 4.4.3). 
Therefore, the potential was kept at -1.0V and with increasing the time of deposition (15 min) 
three dimensional macroporous structures could be obtained. Fig 4.4.4 shows the SEM 
micrographs of well-ordered three dimensional CuSn films obtained potentiostatically at -1.0V vs 
platinum quasi reference electrode for 15 minutes.  An ordered multi layered macroporous 
structure can be clearly seen, indicated by several layers seen in figure 4.4.4 b.  
It’s important to mention that it can happen that some parts of the deposits are not 3DOM, 
possibly the result of inhomogeneous current density. 
 
 
 
 
 
 
 
Fig.  4.4.2.  SEM images of a uniform periodicity macroporous CuSn films at (a) lower magnification 
and (b) higher magnification obtained from 0.05 M SnCl2 + 0.25 M CuCl in [EMIm]DCA. 
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Fig.  4.4.3. SEM images of (a) CuSn less ordered honeycomb structure obtained at -1.2V for 5 minutes. (b) 
dendrites of CuSn obtained at -1.2V for 10 minutes; from 0.05 M SnCl2 + 0.25 M CuCl in [EMIm]DCA.  
Fig.  4.4.4. SEM micrographs of a three dimensional macroporous CuSn structure 
obtained from 0.05 M SnCl2 + 0.25 M CuCl in [EMIm]DCA. 
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4.4.2 CuSn nanowires  
Vertically aligned Cu-Sn alloy nanowires were electrochemically synthesized from a solution of  
0.05 M SnCl2 + 0.25 M CuCl in [EMIm]DCA through potentiostatic deposition into gold 
sputtered polycarbonate membranes. Fig. 4.4.5a shows the SEM micrograph of the free standing 
CuSn alloy  nanowires at lower magnification where the deposition was performed at -1.0 V for 
30 minutes.  The higher magnification of SEM images shows that the average diameter of the 
fabricated nanowires is about 100 nm which is consistant with the pore diameter of the 
polycarbonate membrane (Fig. 4.4.5b). As has been shown in chapter 3.4, the electrodeposited tin 
nanowires are bunched together even when the lengths of the wires are rather short. However, a 
cross sectional view of the CuSn nanowires (Fig. 4.4.5c) reveals that the wires are free standing 
even with lengths up to 7µm. The length of the nanowires can be controlled by changing the time 
of deposition. 
Fig 4.4.5d. shows the EDX analysis of the electrodeposited alloy where the weight percent of Cu 
is almost twice the one of tin, a consequence of to the higher concentration of the Cu salt in the 
deposition bath. This higher concentration of Cu in the alloy gives better mechanical stability to 
the nanowires. 
Oxygen in the EDX is due to some oxidation under air. Carbon is from the ionic liquid, gold from 
the sputtered layer on the membrane.  
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Fig.  4.4.5. CuSn nanowires deposited from 0.05 M SnCl2 + 0.25 M CuCl in [EMIm]DCA over a gold 
sputtered membrane at -1.0 V vs Pt for 30 minutes. (a) top view at low magnification. (b) high magnification 
of the nanowires with diameters of about 100 nm. (c) cross section view showing free standing arrays with 
wire length of up to7µm. (d) EDX of the nanowires (e) XRD pattern of CuSn alloy.  
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The Cu-Sn phase diagram (see appendix) indicates that Cu and Sn can form many intermetallic 
compounds, such as β ζ δ γ ε and ή CuxSn [214]. The XRD pattern of the obtained CuSn alloy is 
shown in Fig 4.4.5e. The two strong peaks at around 38.3° and 43° correspond to the Au(111) 
and Cu(111) respectively, originating from Au substrate and from Cu. The XRD patterns show 
different diffraction peaks for Cu6Sn5.The peaks at 30.1°, 53.4° are assigned to the (221̅), (241̅), 
reflection of Cu6Sn5 (JCPDS card no. 45-1488), respectively. Two other weak peaks at 56.7° and 
60° are also assigned to the Cu6Sn5 phase. The reflection peaks at 62.6°, 70.8° and 79.0° are 
assigned to (442̅) , (351) and (354̅) reflections of Cu6Sn5, respectively. 
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4.5 Electrodeposition of SiSn nanowires [38, 127, 128, 130, 215-226] 
 
Nanostructured semiconductors are very important materials for many applications due to their 
variable properties. The optical and electronic properties of such materials make them interesting 
for electrical and photonic devices. The technically most important semiconductor is  Si which is 
found in many applications such as computer chips, photovoltaic devices optical devices and 
many other ones [215,216]. However, Si is a very reactive element, thus it’s easily oxidized to 
from SiO2 when it is exposed to air. One method to get pure Si is the electrodeposition from 
water- and air stable ionic liquids, which has been reported in several articles [38,127,128,217–
220]. 
As microcrystalline silicon is an indirect semiconductor, compound semiconductors [221] and 
quantum dot silicon structures have been in the focus of interest [222]. α-Sn has no band gap, 
thus at sufficient high concentrations of Sn a direct gap of Sn/Si compounds can be achieved. The 
incorporation of even small amounts of Sn creates a strain in the silicon lattice which changes its 
electronic and optical properties  [223]. 
In 2013 Hussain et al. reported the first metal-oxide-semiconductor field-effect transistor using 
SiSn as a channel material [224] and they proved that SiSn can be used in different applications 
where the use of SiSn instead of Si alone is more advantageous. MOSFET’s are a good example 
for using SiSn for a technically important application [224].  
According to Hume-Rothery rules for solid state solubility, silicon and tin match in three of four 
parameters as they have the same valance, have similar electronegativity and α-Sn can be inserted 
into the cubic diamond structure of silicon. Due to size misfit the solid state solubility of tin in 
silicon is limited [225]. 
In this part of the present thesis the elctrodeposition of SiSn films and of SiSn nanowires from 
[Py1,4]TfO is presented and the as-deposited alloy is characterized with different methods. SnCl2 
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and SiCl4 are used in equimolar concentrations in [Py1,4]TfO. Cyclic voltammetry was used to 
investigate the electrochemical behavior of these electrolytes. The obtained deposits on gold 
substrates were characterized by SEM/EDX and XRD. The formed hairy-like nanowires are of 
potential interest in different applications such as batteries, electronic and optical devices 
The cyclic voltammograms (CVs) of 0.1M SiCl4, 0.1M SnCl2 and a mixture of 0.1 M SiCl4 + 0.1 
M SnCl2 in [Py1,4]TfO on gold substrates are shown in figure 4.5.1. 
The electrode potential was scanned initially from (OCP) to -3.0 V in the negative direction and 
then up to +1.0 V in the reverse scan at a scan rate of 10 mV s
-1
. The voltammogram of 0.1 M 
SiCl4 in [Py1,4]TfO is shown in Fig. 4.5.1a and it shows four reduction processes in the cathodic 
regime. There is no visible deposition at C1 and C2, thus these two reduction processes are due to 
the adsorption of the ionic liquid to the gold substrate and to the gold reconstruction, but also a 
reduction process of SiCl4 to Si2Cl6, Si3Cl8 and higher ones might occur [130]. The reduction 
peak C3 is attributed to the bulk deposition of silicon, at C4 the decomposition of the ionic liquid 
starts.  
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There is no clear oxidation peak for Si and the anodic shoulder a* at the anodic limit can be due 
to the formation of chlorine from SiCl4, the oxidation of the gold substrate and to the oxidation of 
the products made at C1. 
The voltammogram of 0.1 M SnCl2 in [Py1,4]TfO is shown in Fig. 4.5.1b where four reduction 
processes appeared in the forward scan and five oxidation peaks appear in the backward scan. 
The bulk deposition of tin occurs at C4 and the first reduction peak C1 might be attributed to the 
adsorption process of the ionic liquid onto the electrode substrate. C2 and C3 might be 
underpotential deposition processes or alloying of Sn with gold. In a previous study the oxidation 
peaks a4 and a3 were shown to be corresponding to the stripping of electrodeposited Sn, they are 
related to the reduction peaks C4 and C3, respectively, where the CVs were done at different 
Fig.  4.5.1. Cyclic voltammograms of (a) 0.1 M SiCl4, (b) 0.1 M SnCl2 and (c) 0.1 M SnCl2 + 0.1 M SiCl4 
in [Py1,4]TfO on gold substrates. Scan rate: 10 mV s
-1
. 
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switching potentials. The deposition at C2 for 1 hour gives no deposit while the deposition at C3 
yields a silver-grey mirror like finish on the gold substrate which indicates that the reduction 
process at C2 is only related to the underpotential deposition of tin and C3 might be alloying of Sn 
with gold [204]. The other oxidation peaks a1 and a2 seem to be associated with the reduction at 
C1 and C2, respectively. The CV of 0.1 M SnCl2 + 0.1 M SiCl4 in [Py1,4]TfO (Fig.4.5.1c) exhibits 
four-five reduction processes in the forward scan and five oxidation peaks in the backward scan. 
The first two reduction peaks C1 and C2 are related to the underpotential deposition of Sn and the 
formation of Au-Sn alloy, respectively. The bulk Sn deposition occurs at C3 while the Si/Sn 
codeposit starts at C
*
 and the peak C4 can be correlated with the deposition of Si. In the backward 
scan, the peaks a4 and a3 are related to the stripping of Si/Sn and bulk deposited Sn, respectively. 
The peaks a1 and a2 are related to the reduction processes C1 and C2 and they express the 
stripping of Au-Sn alloys. The anodic peak a
*
 is like the ones shown for the tin and silicon CVs 
possibly related to the oxidation of the gold substrate. A clear allocation is, however, difficult. 
The obtained films of Si, Sn and SiSn at different applied potentials (peak potential) on gold 
substrates for 1 hour were investigated by SEM as shown in Fig. 4.5.2, 4.5.3 and 4.5.4 
respectively. Tin deposition was carried out using controlled-potential electrolysis of 0.1 M 
SnCl2/[Py1,4]TfO on gold at -1.3V versus platinum quasi reference electrode for 1 hour. Dense 
and uniform silvery tin deposits were obtained. 
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The morphology of the Sn deposits is shown in figure 4.5.2 at different magnifications, indicating 
that the deposits consist of microcrystalline particles. Silicon deposits were made by current-
controlled electrolysis of 0.1 M SiCl4/[Py1,4]TfO on gold at -20 µA for 6 hours (due to the lower 
concentration of Si). The obtained deposit was a thin film which has a greyish appearance (figure 
4.5.3).  
For SiSn the electrodeposition was carried out from 0.1 M SnCl2 + 0.1 M SiCl4 in [Py1,4]TfO by 
controlled potential deposition on gold at -2V for 1 hour. The obtained deposits were dense and 
uniform with dark black appearance and the morphology of the electrodeposited SiSn on pure 
gold is shown in figure 4.5.4. It’s clear that the deposit consists of tiny nanoparticles, (figure 
4.5.4 b). The EDX results show that the deposits contain about 15 atom % of Si (figure 4.5.4 c). 
 
Fig.  4.5.2. Microstructure of the tin deposits at different magnifications obtained potentiostatically from 
0.1 M SnCl2 in [Py1,4]TfO at a potential of  -1.3 V versus platinum for 1 hour.  
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Fig.  4.5.3. Microstructure of the silicon deposits at different magnifications obtained galvanostatically 
from 0.1 M SiCl4 in [Py1,4]TfO at  -20 µA versus platinum for 1 hour. 
Fig.  4.5.4. Microstructure of the silicon-tin deposits at different magnifications obtained 
potentiostatically from 0.1 M SnCl2 +0.1 M SiCl4 in [Py1,4]TfO at a potential of  -2 V versus platinum 
for 1 hour (a) scale bar 5µm, (b) scale bar 2µm and (c) EDX analysis of SiSn deposit. 
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Hair-like structured SiSn nanowires were obtained when the electrolysis process was carried out 
at -2V for 1h after running cyclic voltammetry first (Fig. 4.5.5a). This can be explained by the 
fact that during the forward scan in cyclic voltammetry Sn is deposited firstly at low potential, 
thus it forms a thin film on gold. Then Si starts to be deposited at a more negative potential. 
During the backward scan in the anodic regime the deposited Sn film will be oxidized somehow 
activating gold giving a template. This might help the formation of hair-like nanowires. SiSn 
nanowires bunches are formed (figure 4.5.5b) which are quite similar to those obtained using 
polycarbonate templates [226]. The EDX results show that the deposits contain about 10 atom % 
of Si (Fig. 4.5.5c). 
 
 
 
 
 
 
 
 
 
 
Fig.  4.5.5. Microstructure of the silicon-tin deposits at different magnifications obtained 
potentiostatically from 0.1 M SnCl2 +0.1 M SiCl4 in [Py1,4]TfO at a potential of  -2 V versus platinum 
for 1 hour after running CV (a) scale bar 5µm, (b) scale bar 2µm and (c) EDX analysis of SiSn deposit. 
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The deposition at more negative potential of -2.7 V led to nanowires which seem to be free 
standing in contrast to those obtained at a lower potential. Fig. 4.5.6a shows the top view of the 
obtained nanowires where they are bunched together. At a higher magnification the wires appear 
clearly as free standing ones with an average diameter of about 100 nm and a length of ~ 5 µm 
(Fig. 4.5.6 b, c and d). It is important to mention that these nanowires were obtained without a 
template. Because of time limitations the reasons for this interesting growth could not be 
investigated in more detail.  
Fig.  4.5.6. Microstructure of the silicon-tin deposits at different magnifications obtained 
potentiostatically from 0.1 M SnCl2 + 0.1 M SiCl4 in [Py1,4]TfO at a potential of  -2.7 V versus platinum 
for 1 hour after running CV (a) scale bar 50µm, (b) scale bar 20µm and (c) scale bar 5µm and (d) 
scale bar 500 nm. 
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5. Summary 
 
In the present thesis the electrodeposition of nanowires, thin films and macroporous tin and tin 
based alloys was investigated in the ionic liquids [EMIm]DCA, [Py1,4]DCA and [Py1,4]TfO. The 
effect of the ionic liquid anion on the morphology of the obtained deposits was also studied. 
Template assisted and template free electrodeposition processes were used to fabricate tin, 
copper-tin and silicon-tin nanowires. Polystyrene templates were used for the synthesis of 
copper-tin macroporous alloys.  
5.1 Electrodeposition of Sn nanowires 
 
A simple template-assisted method is presented to produce Sn nanowire arrays from ionic liquids. 
The electrodeposition process includes both the deposition of Sn nanowires and thick deposits of 
either Sn or Cu as supporting layers for nanowire films. The results show that Sn films from the 
employed ionic liquids are not suitable to support the freestanding nanowires due to dendrite 
formation. However, a compact layer of an electrodeposited Cu film is a suitable supporting 
electrode. After dissolution of the membrane in dichloromethane, well-ordered Sn nanowires on 
Cu were obtained. Such Sn nanowire films on a supporting Cu layer are expected to be promising 
anode host materials for Li-ion batteries. The growing of Sn nanowire films on electrodeposited 
Cu current collectors might overcome the capacity fading resulting from the bad connection 
between the anode material and the current collector. 
5.2 Influence of the anion on the morphology of the tin deposits 
 
Electrodeposition of tin was studied from two ILs with the same [Py1,4]
+
 cation and two different 
anions, TfO
−
 and DCA
−
. Four reduction processes were observed in the CV of SnCl2/[Py1,4]TfO 
on gold, and three cathodic processes were evident in the CV of SnCl2/[Py1,4]TfO on copper. 
However, three reduction processes were observed in the CV of SnCl2/[Py1,4]DCA on gold, and a 
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single reduction process was seen in the CV of SnCl2/[Py1,4]DCA on copper. The electrochemical 
behavior of SnCl2 in [EMIm]DCA on gold and copper was also investigated for comparison 
purposes. Electrolysis of SnCl2/[Py1,4]TfO at -0.2 V for 1 h on gold yielded only a gold-tin alloy. 
Bulk deposition of tin on gold and on copper was observed at about -0.75, -0.25 and -0.1 V from 
[Py1,4]TfO, [Py1,4]DCA and [EMIm]DCA, respectively. A change in the morphology of the tin 
deposits was observed upon changing the anion of the ILs from TfO
−
 to DCA
−
. Dendrite-free tin 
deposits were obtained from [Py1,4]TfO, whereas tin dendrimers were obtained from both 
[Py1,4]DCA and [EMIm]DCA. Apart from presumably different interfacial layers, different 
complexation of SnCl2 species in the three different ILs occurs. IR spectra indicated that different 
complexes are formed in the different ILs. The XRD analysis of the deposits obtained on gold 
and copper from the three ILs indicated the existence of tetragonal tin. Alloy formation of tin 
with gold or copper seems to be suppressed by [Py1,4]TfO in comparison to ILs with the DCA 
ion. 
This study reveals that dendrite-free tin deposits can be obtained from [Py1,4]TfO and that both 
anion and cation play a role in the deposition process. 
 
5.3 Electrodeposition of ZnSn thin films and nanowires  
 
 
The electrochemical deposition of Zn-Sn films and nanowires from ionic liquids was successful. 
Zn, Sn, and Zn-Sn biphasic films were electrodeposited from [Py1,4]TfO. SEM showed that Zn 
deposit obtained from 0.05 M Zn(TfO)2/[Py1,4]TfO are nanocrystalline, whereas a 
microcrystalline Zn deposit was obtained from [EMIm]TfO, as also shown in literature. The 
difference in grain size can be explained by a different surface adsorption of the cations ([Py1,4]
+
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and [EMIm]
+
) on the substrate. The Sn deposit shows grains of approximately 300–400 nm in 
size. The morphology of Zn-Sn deposits depends on the deposition potential.  
Nanocrystalline Zn deposits can be obtained from [Py1,4]TfO. The Zn–Sn co-deposit appears to 
be a mixture of Zn and Sn particles. The results of XRD analysis show diffraction peaks of both 
Sn and Zn in the films. Zn–Sn nanowires with a diameter of 100 nm are rather brittle, whereas 
free-standing nanowires can be made with a pore size of 200 nm. The length of the wires can be 
controlled by the deposition time. 
5.4 Electrodeposition of CuSn 
 
Polystyrene spheres were self-assembled into three-dimensional close-packed arrays on the gold 
surface to act as a template for the synthesis of macroporous structures. A uniform periodicity of   
macroporous CuSn was obtained at -1V for 10 minutes from 0.05 M SnCl2 + 0.25 M CuCl in 
[EMIm]DCA.  
Increasing the time of deposition (15 min.) at the same potential leads to three dimensional CuSn 
deposits. The template assisted process was used to produce CuSn nanowires with an average 
diameter of 100 nm and a length of 7µm. The wires are free standing and are less bunched 
together as the obtained Sn nanowires. The higher concentration of Cu in the alloy gives more 
mechanical stability to the nanowires. 
 
5.5 Electrodeposion of SiSn nanowires 
 
A template free process was used to make SiSn nanowires from an ionic liquid solution 
containing 0.1 M SnCl2 + 0.1M SiCl4 in [Py1,4]TfO. Sn, Si and SiSn deposits were obtained from 
[Py1,4]TfO. The electrodeposition of tin gives thin films consisting of microcrystals. Greyish 
white Silicon deposits were obtained galvanostatically at -20 µA from 0.1M SiCl4/[Py1,4]TfO . 
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Thin films consisting of tiny SiSn particles were obtained by direct potentiostatic 
electrodeposition at -2V for 1 hour. When the electrodeposition process is done after runing 
cyclic voltammetry, hair-like SiSn nanowires were obtained, that can be free standing nanowires. 
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6. Appendix [199,214] 
 
 
 
 
 
 
 
 
 
 
                                                      [199]  
              
 
 
 
 
 
 
 
 
    
 
                                                  [214]  
Au-Sn phase diagram  
CuSn phase diagram. 
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7. Outlook 
The present work shows the electrodeposition of tin and/or of some tin alloys from ionic liquids 
in the form of free standing nanowires, thin films and macroporous structures. The employed 
ionic liquids are 1-ethyl-3-methylimidazolium dicyanamide ([EMIm]DCA), 1-butyl-1-
methylpyrrolidinium dicyanamide ([Py1,4]DCA) and 1-butyl-1-methylpyrrolidinium 
trifluoromethylsulfonate ( [Py1,4]TfO). 
The results obtained here might give rise to further studies 
 Electrodeposition of other Sn based alloys such as AlSn, InSn, NbSn which already have 
many important applications. The electrodeposition process could be performed using 
different ionic liquids that are more electrochemically stable such as 
tris(pentafluoroethyl)trifluorophosphate ([Py1,4]FAP) or with hydrophobic character such 
as 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide ([Py1,4]TFSA), as a 
few examples. 
 The effect of temperature on the structure of the deposits is an important factor that can 
influence the morphology and crystallinity of the obtained films, therefore the study of 
electrodeposition of tin and tin based material at elevated temperature is one important 
future task. 
  Additives have a strong effect on the electrodeposition process, thus it would be 
important to study the effect of different additives on the electrodeposition of tin and tin 
based materials. 
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10. List of Abbreviations  
 
[BF4]
−
 tetrafluoroborate 
 
[BMIm]BF4 1-butyl-3-methylimidazolium tetrafluoroborate 
 
[BMIm]PF6 
 
1-Butyl-3-methylimidazolium hexafluorophosphate 
[BMIm]TFSA 1-butyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)amide  
 
[BP
+ 
Cl]
−
 1-butylpyridinium chloride 
 
CE counter electrode 
 
CV cyclic voltammetry  
(CF3SO2)3C
− tris(trifluoromethylsulfonyl)methide 
 
[CF3SO2)2N]
−
 bis(trifluoromethylsulfonyl)amide 
 
[CF3SO3]
− trifluoromethylsulfonate 
 
[DCA]
− dicyanamide  
 
EDTA ethylenediaminetetraacetic acid 
 
EDX energy dispersive X-ray (spectroscopy) 
 
[EEMIm]TFSA 1,3-diethyl-5-methylimidazolium bis(trifluoromethylsulfonyl)amide  
 
[EMIm]Cl 
 
1-ethyl-3-methylimidazolium chloride 
[EMIm]Cl-BF4 1-ethyl-3-methylimidazolium chloride/tetrafluoroborate  
 
[EMIm]DCA 1-ethyl-3-methylimidazolium dicyanamide  
 
[EMIm]TFSA 1-ethyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)amide  
 
[EMMIm]TFSA 1-ethyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)amide  
 
[EtPyBr] 
 
1-ethylpyridinium bromide 
HEDTA (hydroxyethyl)ethylenediaminetriacetic acid 
 
[HMIM]FAP 1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate  
 
(Idranal VII) N-(2-hydroxyethyl)ethylenediamine-N,N',N'-triacetic acid trisodium salt 
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IR infra-red spectroscopy 
 
OCP open circuit potential 
 
PC track-etched polycarbonate membranes 
 
PEDOT poly(3,4-ethylenedioxythiophene) 
 
PPP poly(p-phenylene)  
 
PPV Poly(p-phenylene vinylene) 
 
PS polystyrene  
 
PT polythiophene 
 
[PF6
−
] hexaflurophosphate 
 
[Py1,4] FAP 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate  
 
[Py1,4]DCA 1-butyl-1-methylpyrrolidinium dicyanamide  
 
[Py1,4]TfO 1-butyl-1-methylpyrrolidinium trifluoromethylsulfonate  
 
[Py1,4]TFSA 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide 
 
RE reference  electrode 
 
[RTILs] room temperature ionic liquid 
 
SEM scanning electron microscopy 
 
STM in situ scanning tunneling microscope  
 
[TMHA]TFSA trimethyl-n-hexylammonium bis(trifluoromethylsulfonyl)amide 
 
[TSIL] 
 
task-specific ionic liquids 
UPD 
 
under potential deposition  
WE working electrode 
 
XRD 
 
X-ray diffraction analysis 
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